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Abstract
Chemically ordered FePt is one of the most promising materials to reach the ultimate
limitations in storage density of future magnetic recording devices due to its high
uniaxial magnetocrystalline anisotropy and a corrosion resistance superior to rare-
earth based magnets.
In this study, FePt and FePt/Cu bilayers have been sputter deposited at room tem-
perature onto thermally oxidized silicon wafers, glass substrates and self-assembled
arrays of spherical SiO2 particles with diameters down to 10 nm. Millisecond flash
lamp annealing, as well as conventional rapid thermal annealing was employed to
induce the phase transformation from the chemically disordered A1 phase into the
chemically ordered L10 phase.
The influence of the annealing temperature, annealing time and the film thick-
ness on the ordering transformation and (001) texture evolution of FePt films with
near equiatomic composition was studied. Whereas flash lamp annealed FePt films
exhibit a polycrystalline morphology with high chemical L10 order, rapid thermal
annealing can lead to the formation of chemcially ordered FePt films with (001) tex-
ture on amorphous SiO2/Si substrates. The resultant high perpendicular magnetic
anisotropy and large coercivities up to 40 kOe are demonstrated. Simultaneuosly
to the ordering transformation, rapid thermal annealing to temperatures exceeding
600 ◦C leads to a break up of the continuous FePt film into separated islands. This
dewetting behavior was utilized to create regular arrays of FePt nanostructures on
SiO2 particle templates with periods down to 50 nm.
The addition of Cu improves the (001) texture formation and chemcial ordering
for annealing temperatures Ta ≤ 600 ◦C. In addition, the magnetic anisotropy and
the coercivity of the ternary FePtCu alloy can be effectively tailored by adjusting
the Cu content. The prospects of FePtCu based exchange spring media, as well
as the magnetic properties of FePtCu nanostructures fabricated using e-beam and
nanoimprint lithography have been investigated.
Keywords
FePt, FePtCu, L10 phase, perpendicular magnetic anisotropy, self-assembly, bit pat-
terned media, exchange spring media, flash lamp annealing, rapid thermal annealing
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1 Introduction
On december 1959, more than 50 years ago, Richard Feynman has envisioned the
possibility to write the complete Encyclopaedia Britannica on the head of a pin in his
classic talk entitled“There’s Plenty of Room at the Bottom” [Fey92]. At that time, the
first magnetic hard disk drive was just introduced [IBM10], but with a capacity of only
5MB, storing a copy of a capacious encyclopedia seemed to be an impossible task.
Nevertheless, the developement of the IBM 350 disk storage unit was the starting
point for a continuous increase of the storage capacity in magnetic hard disk drives
and although the concept of storing binary data via magnetizing a ferromagnetic
recording media remained unchanged, a tremendous increase in storage density was
possible due to a continuous miniaturization of existing technologies and an ongoing
implementation of new discoveries like the giant magnetoresistance effect (discovered
by P. Gru¨nberg and A. Fert in 1988 [Bin89, Bai88]) and advanced concepts like
perpendicular magnetic recording [Iwa02]. Today, storage capacities exceeding 1TB
are available in hard disk drives using a granular CoCrPt-SiO2 recording layer with
grain sizes around 7 nm [Pir07] and the vision of Feynman to store a large amount
of data on a small area has become reality.
However, a further increase in storage density by scaling the existing technology is
limited by the so-called superparamagnetic effect, which reduces the thermal stability
of the written bits. Consequently, new concepts are required to satisfy the growing
demand for cheap data storage devices. FePt based recording layers are one route to
higher storage densities due to the high anisotropy of FePt alloys in their L10 phase
allowing a further reduction in grain size without loosing the thermal stability. The
bit patterned media (BPM) concept is another route, since the required averaging
over an assembly of magnetic grains can be omitted by utilizing regular arrays of
magnetic nanostructures. Implementing a combination of both concepts could lead
to a recording medium with storage densities surpassing 10Tbits/in2. However, the
challenges involved in the growth of chemically ordered FePt layers with (001) texture
on cheap substrates and the development of cost-effective nanostructuring techniques
with sufficient precision and throughput are still unsolved. For this reason, substan-
tial research activities have been established around the world and in the present
study, several approaches to solve some of the challenges are under investigation.
Considering that FePt films grown at room temperature exhibit the metastable
A1 phase, an additional annealing process is necessary to transform the alloy into
the L10 phase. Flash lamp annealing with an annealing time of 20ms was used to
transform a large volume fraction of chemically disordered FePt films with various
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thicknesses into the chemcially ordered L10 phase (Ch. 4). Rapid thermal annealing
(RTA) was also employed to induce the phase transformation. Beside the chemcial
ordering process, the formation of a pronounced (001) texture on amorphous ther-
mally oxidized Si substrates was observed when using appropriate RTA parameters
and its dependence on the annealing time, annealing temperature and film thickness
was examined (Ch. 5). RTA of FePt/Cu bilayers leads to the formation of a ternary
FePtCu alloy. The influence of the Cu content on the ordering transformation and
texture formation was analyzed and the prospects of tailoring the magnetic prop-
erties and fabricating exchange spring media with graded anisotropy are explored
(Ch. 6). The fabriaction of FePt based BPM is in the focus of chapter 7. Arrays
of self-assembled spherical SiO2 particles with diameters down to 10 nm were used
as templates for room temperature FePt depositions and a subsequent RTA process
was utilized to form periodic FePt nanostructures exhibiting the L10 phase. Beside
the self-assembly approach, conventional lithography methods were under consider-
ation and the magnetic properties of FePtCu nanostructures fabricated by e-beam
lithography and nanoimprint lithography are presented.
2
2 Theoretical background
2.1 Iron-platinum alloys
FePt is considered to be one of the most promising materials for future data storage
devices [Wel00, Pir07], magnetic sensors [Ohm08] or permanent magnets [Liu98] due
to its high uniaxial magnetocrystalline anisotropy of 108 erg/cm3 in the chemically
ordered L10 phase, large saturation magnetization and a corrosion resistance superior
rare-earth based magnets like Co5Sm or Nd2Fe14B.
Three stable crystal structures do exist in the iron-platinum system (Fig. 2.1):
Fe3Pt (γ1 phase), FePt (γ2 phase) and FePt3 (γ3 phase). Above their transformation
temperatures the metastable chemically disordered γ phase exists.
Figure 2.1: Phase-diagram for iron-platinum alloys [Mas90].
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2.1.1 Crystallography
The chemically disordered A1 phase (γ Fe, Pt) has a face-centered cubic (fcc) crystal
structure and the Fe and Pt atoms are randomly distributed on the lattice sites (Fig.
2.2 (a)). X-ray diffraction was used to determine the a-lattice parameter to a = 3.82 A˚
for an equiatomic composition [Din04]. Post-annealing of chemically disordered iron-
platinum alloys leads to the formation of the chemically ordered L10 phase ( γ2 FePt)
or L12 phases ( γ1 FePt and γ3 FePt), depending on the alloy composition. The L10
phase consists of consecutive Fe and Pt planes (Fig. 2.2 (b)).
Figure 2.2: Schematics of the FePt unit cell in the (a) disordered A1 phase and (b) the
chemically ordered L10 phase.
A more precise definition of this L10 phase can be given by dividing the lattice into
two sublattices α and β stacked along the c-axis. The sublattice α can be described
by the two sites (000) and (1
2
1
2
0), whereas the sublattice β can be described by the
sites (1
2
01
2
) and (01
2
1
2
). When each of the two sublattices is only occupied by one
atomic species, perfect L10 chemical order is established.
As Fe and Pt have different atomic radii (according to the nearest neighbor dis-
tances in pure Fe and Pt crystals), this phase exhibits a face-centered tetragonal (fct)
crystal structure with the lattice parameters a = 3.850 A˚ and c = 3.693 A˚ [Bow90].
In case of thin films, the deposition of iron-platinum at room temperature (RT)
typically leads to the formation of the A1 phase and either a post-annealing process
or the deposition at elevated temperatures is required to form the L10 phase.
2.1.2 Magnetic properties
The different phases exhibit a broad variation of the magnetic properties, ranging
from paramagnetic to ferromagnetic or antiferromagnetic behavior. Since only FePt
films1 with a nearly equiatomic composition have been studied in this work, the
discussion of the magnetic properties will be restricted to the A1 and L10 phase
which exist in this composition regime.
1In the following, the abbreviations FePt and FePtCu are now used for iron-platinum and iron-
platinum-copper alloys in general and do not indicate a specific elemental composition.
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The A1 phase has a Curie temperature of TC = 438
◦C and a saturation magneti-
zation of MS = 1070 emu/cm
3 [Wir76]. Only a small magnetocrystalline anisotropy
with an easy axis along the [100] directions is present [Sch07]. In thin continuous FePt
films, however, the shape anisotropy dominates and an easy-axis of the magnetization
parallel to the sample plane is typically observed.
Contrary to the soft magnetic A1 phase, FePt in the L10 phase exhibits a large uni-
axial anisotropy ofKU ≈ 1× 108 erg/cm3 with an easy-axis parallel to the [001] direc-
tion [Far96a]. The Curie temperature is showing only a small increase to TC ≈ 450 ◦C
[Wir76, Oka02] and also the saturation magnetization ofMS = 1140 emu/cm
3 [Kle95]
is comparable with the MS of the disordered A1 phase. The large magnetocrystalline
anisotropy of this phase can be attributed to the spin-orbit coupling of Pt in com-
bination with the hybridization between the Fe 3d and Pt 5d states as outlined in
theoretical studies from first principles using a fully relativistic implementation of
the full-potential linear muffin-tin orbitals method [Bur05]. One should also note
that these calculations show that the tetragonal distortion is not responsible for the
magnetocrystalline anisotropy. It has actually even the opposite effect and higher
anisotropies would be expected in an undistorted lattice.
2.1.3 Chemical ordering
The transformation of the A1 phase into the L10 phase has already been extensively
studied [Kle03, Ber07b, Sko07] and the basic characteristics of this first order trans-
formation can be explained using the following simplified model involving only the
driving force for the phase transformation and the short range atomic diffusion.
The driving force ΔG can be written as
ΔG =
ΔH(Te − T )
Te
, (2.1)
Figure 2.3: Schematics of the temperature dependence of the (a) driving force and (b) the
diffusion constant. Above the equilibrium ordering temperature Te, the driving
force is zero.
5
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Figure 2.4: Calculated TTT diagram of two 1μm thick FePt layers with near equiatomic
composition [Ber07a]. The leftmost solid line represents a volume fraction
transformed into the L10 phase of 0.05, while the dashed line and the following
solid line correspond to a volume fraction of 0.50 and 0.95. The time scales
relevant for flash annealing (20ms) and rapid thermal annealing (1 s to 600 s)
are highlighted (red).
with Te as the equilibrium temperature found from the phase diagram and ΔH
as the transformation enthalpy. The driving force versus temperature has thus a
linear dependency and reaches 0 when the equilibrium temperature is reached (Fig.
2.3(a)). ΔH can be measured using differential scanning calorimetry and values of
ΔH = −10 kJ/mol have been determined for Fe50Pt50 [Bar05]. Note that |ΔH| is
dependent on the composition of the alloy and is found to increase with increasing
Fe content.
The mobiliy of the atoms approximately follows a typical metallic diffusion process
and the diffusion constant D can be expressed as
D = D0 exp
(
− E
kBT
)
, (2.2)
where D0 is the pre-exponential factor and E the activation energy. D0 and E
of Fe(Pt) in FePt have been experimentally determined to D0 = 3.45× 10−13m2/s
(2.1× 10−4m2/s) and E = 1.65 eV (3.0 eV) [Kuc75, Ren06].
The combination of decreasing driving force and increasing diffusion constant
(Fig. 2.3) with increasing temperature leads to an optimum temperature at which
the phase transformation occurs within the shortest time scale. Time-temperature-
transformation (TTT) diagrams for the L10 ordering show the required time to trans-
form a certain fraction of the total volume at a given temperature. A detailed calcu-
lation of such a TTT diagram for FePt films with near equiatomic composition has
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been performed by D. C. Berry and K. Barmak [Ber07a] and the result is shown in
figure 2.4. A temperature between 600 ◦C and 800 ◦C leads to the shortest ordering
times and complete L10 order should be achieved after around 10ms to 30ms.
To quantify the degree of chemical order, the chemical order parameter S can be
used. It is defined as
S =
rFe − xFe
γPt
=
rPt − xPt
γFe
, (2.3)
where rFe(rPt) indicates the fraction of Fe (Pt) sites in the crystal occupied by the
correct atomic species, xFe(xPt) the atomic fraction of Fe (Pt) atoms in the FePt alloy
and γPt(γFe) the fraction of the Pt (Fe) sites in the ideal crystal [War90]. A method
to experimentally determine the chemical order parameter will be given in chapter
3.4.1.
2.1.4 Ternary FePtCu alloys
Recently, a lot of work has been performed concerning alloying FePt with a third
element like Au, Ag or Cu in order to control the Curie temperature, magnetic
anisotropy, grain size, texture and ordering temperature [Ike08, Fen08, Pla02, Tak02,
Pla05, Wil04]. In this regard, especially the ternary FePtCu alloy seems to be a
promising material for future heat-assisted magnetic recording applications [Ber07b].
In principle, the metal additives can be divided into two types: elements which are
completely immiscible with FePt and soluble ones. The immiscible elements typically
diffuse to the grain boundaries during the post-annealing process and enhance the
mobility and thus the chemical ordering of the Fe and Pt atoms via the formation
of vacancies. A reduction of the ordering temperature via addition of Cu, a soluble
element in the relevant composition regime (Fig. 2.5), is either attributed to an
increasing driving force [Mae02] or an enhanced diffusivity [Tak02]. However, one
has to note that the origin of this decrease in the ordering temperature of Cu is still
under debate, since calorimetric studies have revealed no difference in the ordering
kinetics between ternary additions of Cu to replace Pt and a Fe content higher than
the equiatomic composition [Bar04].
To quantify the degree of chemical order in a ternary alloy, one chemical order
parameter is no longer sufficient and the description has to be generalized. The
chemical order parameter for each element Si can also be defined by the difference
of the atomic fraction Pαi and P
β
i occupying the two sublattices α and β (see section
2.1.1) as
Si = P
α
i − P βi . (2.4)
The atomic fractions Pαi and P
β
i are related to the atomic composition xi of element
i in the alloy via
0.5Pαi + 0.5P
β
i = xi (2.5)
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Figure 2.5: Isothermal sections of the phase diagram for iron-platinum-copper alloys at (a)
600 ◦C and (b) 1000 ◦C [Tom10]. The axes are labelled in at.%.
and thus the ordering parameters Si are not independent, but related by the expres-
sion ∑
i
Si = 0. (2.6)
In case of a binary FePt alloy, this definition of Si corresponds to equation 2.3 with
S = SFe = −SPt. For a ternay FePtCu alloy, two order parameters are independent
and can be determined by anomalous X-ray scattering.
2.2 Prospects of FePt based future storage devices
The high anisotropy of FePt allows a decrease of the grain sizes in the recording
layer of hard disk drives below 4 nm without losing thermal stability [Wel00]. In the
bit-patterned media concept, where one bit is stored in one magnetic grain, storage
densities exceeding 10Tbit/inch2 should be possible. The high anisotropy, however,
necessitates magnetic write fields exceeding the limits of current recording heads.
Possible solutions of this so-called writeability issue are for example heat-assisted
magnetic recording [Sti10] or exchange spring media [Sue07]. In addition, especially
the low-cost fabrication of suitable L10 ordered FePt films with perpendicular mag-
netic anisotropy either for granular, bit-patterned or even percolated media is still
a major challenge. In this regard, beside the attempts to lower both the annealing
time and the annealing temperature, in particular the realization of perpendicular
magnetic anisotropy on cheap, amorphous substrates like glass are key requirements
to achieve competitive production costs.
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2.2.1 Approaches to achieve perpendicular magnetic anisotropy
As FePt is known to grow epitaxially on MgO (001) single crystals at elevated temper-
atures with pronounced perpendicular magnetic anisotropy, a widely-used approach
is based on the epitaxial growth of FePt on MgO seed-layers typically exhibiting
(001) texture when deposited by rf-sputtering from an oxide target [Per08, Pen06].
In addition, various other seed-layers like NiTa, RuAl, Cr, CrRu or Cr65Mo15Mn20
do exist [Mae05, She05, Sun05, Xu02, Wu05]. Especially seed-layers of the type CrX
(X being an additive like Ru, Mo, Wo, Ti) have attracted much attention since they
have already been well established as underlayers in former longitudinal media. In
addition, these different additives allow to tailor the lattice constant and optimize
the growth of the subsequent FePt recording layer [Che06].
The epitaxial relationship between the Cr (002) underlayer and FePt (001) is il-
lustrated in figure 2.6 (a). Elemental Cr has a lattice constant of a = 2.88 A˚ leading
to a lattice misfit of 5.8% [Sun06] which is sufficiently large to induce the growth
of (001) textured FePt films and suppress the formation of any grains with a (200)
orientation (Fig. 2.6 (b)). Varying the lattice parameter of the seed–layer, however,
has revealed that a lattice misfit of around 6.5% is ideal to realize high values of
perpendicular magnetic anisotropy which can for example be achieved using Ru as
an additive [Che06].
Figure 2.6: (a) Atomic arrangement of fct (001) FePt on bcc CrX (002) and (b) high
resolution TEM image of a textured FePt/Pt/Cr trilayer system [Sun05].
Beside using appropriate seed-layers, rapid thermal annealing (RTA) of Fe/Pt mul-
tilayers deposited at room temperature on amorphous substrates also leads to films
with high perpendicular magnetic anisotropy [Zen02, Yan03b] and typical hysteresis
loops obtained after RTA are shown in figure 2.7. Kim et al. [Kim06a, Kim06b]
have studied the origin of the (001) texture evolution in these films and propose that
9
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Figure 2.7: (a) Hysteresis loops of [Fe (4.7 A˚)/Pt (4.0 A˚)]12 multilayers after RTA to 550 ◦C
for 2 s (top) and 600 s (bottom) [Yan03b].
anisotropic strain due to the ordering transformations should be considered as a key
factor. Tensile in-plane strains can occur during the recrystallization process due
to annihilation of defects which favor the growth of (001) textured grains with the
enlarged a–axis pointing in the direction of the strain. The addition of third elements
like Cu or Ag has also been studied and it was shown that the (001) texture can be
enhanced using Cu as an additive while Ag has only little influence [Sha03, Yan06].
2.2.2 FePt granular media
Other key properties for the application of FePt films as a recording material in
granular media are both the grain size and the intergranular exchange. For a good
read/write performance, small grains with low intergranular exchange, homogeneous
size and magnetic properties have to be achieved. Different materials like SiO2, TiO2,
C, MgO or Al2O3 have been suggested as additives to promote small grain size and
effective decoupling of the individual FePt grains [Wu07, Din08, Per09, Saf06].
All approaches discussed above can be used to create granular FePt films. Average
grain sizes of around 5 nm have been achieved by depositing FePt with carbon addi-
tives on MgO seed–layers as well as by RTA of Fe/Pt/SiO2 multilayers as illustrated
in figure 2.8 [Per09, Wu07]. Furthermore, the addition of elements like Cu or Ag has
been intensively studied demonstrating that the magnetic properties can be effec-
tively tailored concerning the enhancement of the (001) texture and the lowering of
the Curie temperature while maintaining small grain sizes (Fig. 2.9) [Zha10, Kle09]
10
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Figure 2.8: (a) TEM plan-view bright field image of [Fe/Pt/SiO2]18 multilayers after RTA
to 350 ◦C for 60 s and (a) corresponding hysteresis loop [Wu07].
Figure 2.9: Top-view bright field TEM images of (FePt)1−xAgx - C(y vol%) films deposited
at 450 ◦C on a MgO seedlayer [Zha10].
11
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2.2.3 FePt bit patterned media
One approach to further increase the storage density is the bit patterned media
(BPM) concept. Sun et al. have shown that it is possible to synthesize monodis-
perse FePt colloids with adjustable diameters between 3 nm and 10 nm and small size
distribution via a wet-chemical process. These colloids can be self-assembled into reg-
ular hexagonal close-packed arrays (Fig. 2.10 (a)) [Sun00]. In addition, varying the
ligands of these nanoparticles allows to tailor the interparticle distance and to change
the arrangement from hexagonal to cubic (Fig. 2.10 (b)). However, these nanopar-
ticles typically form in the chemically disordered A1 phase and thus, an additional
postannealing process is required for the transformation into the L10 phase.
During this post-annealing step, sintering and degradation of the hexagonal ar-
rangement of the particle array occur. To prevent sintering, annealing in a separating
media like SiO2 or NaCl has been proposed [Din04, Li06], but up to now no densely-
packed L10 ordered FePt particle array with perpendicular magnetic anisotropy has
been successfully demonstrated. In this regard, the deposition of hard magnetic
FePt films onto self-assembled arrays of non magnetic particles might be an alter-
native approach, although self-assembly on a large scale and the degradation of the
perpendicular magnetic anisotropy for smaller particle diameters are still unresolved
problems [Mak08b].
Figure 2.10: TEM micrograph of an assembly of (a) 6 nm as-synthesized FePt particles
deposited from a hexane/octane dispersion and (b) 6 nm FePt particles after
replacing the ligand [Sun00].
BPM based on conventional deposition of FePt films and state-of-the-art micro-
fabrication techniques might be the most promising approach, as the well established
technologies of thin film deposition and patterning do exist and BPM with densities
of 1Tbit/inch2 utilizing Co/Pd multilayers as a recording material have already been
demonstrated [Hel10, Wi10].
The preparation of FePt dots with perpendicular anisotropy and diameters down
to 200 nm was accomplished using electron beam lithography and Ar ion etching of
12
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Figure 2.11: (a) SEM image of FePt (001) dots with a diameter of 250 nm and hysteresis
loops of (b) the continuous FePt film and (c) the corresponding FePt dots
with a diameter of 250 nm. The field was applied perpendicular (solid curve)
and parallel (dashed curve) to the sample plane [Wan08a].
L10 ordered FePt/Au/Fe films grown on MgO single crystals [Sek06], and the magne-
tization reversal of these well defined dots (Fig. 2.11 (a)) has been intensively studied
by several groups [Wan08b, Sek05, Wan08a]. It was observed that the coercivity of
the dots is substantially increased as compared with the continuous film (Fig. 2.11(b)
and (c)) and can be further enhanced by post-annealing due to the healing of de-
fects induced during the microfabrication process. Other microfabrication techniques
include electron beam lithography followed by a lift–off and post–annealing process
[Bre08] or RTA of FePt dots prepared using porous alumina templates as evapora-
tion masks [Kim07]. In this regard, especially the approach based on the guided
self-assembly of block copolymers and subsequent pattern transfer into the subjacent
chemically ordered FePt film has high potential, considering that the fabrication of
FePt dots arrays with a period of 30 nm and a coercivity of 13 kOe has already been
demonstrated following this approach [Hie06].
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3.1 Particle self-assembly
Particle self-assembly is a widely used approach to create nanopatterns on various
substrates and a broad variety of different methods exists [Kan09, Miw99, Bur99].
Our approach is based on the method proposed by Micheletto et al. where a droplet of
colloidal solution is placed on a tilted substrate. During the evaporation of the solvent
a hexagonal close packed particle array is formed [Mic95]. The attractive forces F
between the colloidal particles during the evaporation process can be expressed as
F ≈ 2πσr
2
C(sin
2ΨC)
L
(3.1)
where σ is the surface tension of the solution, rC the radius of the three phase contact
line at the particle surface, ΨC the meniscus slope angle at the contact line and L
the particle distance as indicated in Figure 3.1 (a) [Den92]. This expression is valid
only in the limit of rC << L <<
√
σ/(Δρg) where Δρ is the difference between the
mass densities of the liquid and gas phases and g is the gravitational acceleration.
Figure 3.1: (a) Schematic view of the deformed water film (W) due to two partially im-
mersed spherical particles (P) and (b) a scanning electron microscopy image
of a monolayer of hexagonal close packed SiO2 particles with a diameter of
100 nm covered with FePt deposited at room temperature.
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Monodisperse SiO2 particles with diameters ranging from 900 nm down to 10 nm
have been obtained as colloidal solutions from Bangs Laboratories and Polysciences.
These solutions are further diluted with highly purified water and a droplet of the
resulting water/particle mixture has been placed on thermally oxidized silicon wafers.
In order to ensure good wetting properties of the substrates despite the high surface
tension of H2O required for a sufficiently attractive capillary force, the Si wafers have
been plasma cleaned for 240 s using oxygen plasma. Via optimizing the tilt of the
substrate, the size of the droplet and the water/particle ratio for each particle size,
good quality of the particle layers concerning their lateral dimensions and number of
defects have been achieved (Fig. 3.1 (b)).
3.2 Thin film deposition
Two different deposition techniques, namely magnetron sputtering in a high vacuum
sputtering chamber and thermal evaporation in an ultra-high vacuum MBE (molecu-
lar beam epitaxy)-system have been employed. For both techniques, accurate control
over the film thicknesses and the elemental composition of the deposited layers is
essential to achieve reproducible layer properties.
3.2.1 Magnetron sputtering
The operating principle of magnetron sputtering is outlined in figure 3.2. Ar gas is
admitted into the sputtering chamber up to a typical pressure of 3.5× 10−3mbar and
a sufficiently high electric field is applied to ignite an electrical discharge between the
cathode and the anode. The cathode is then hit by Ar ions and the target atoms
are ejected into the chamber and reach the substrate forming a metallic film. A
magnetic field is applied to enhance the ionization probability of Ar by forcing the
electrons in the discharge on longer, spiral paths. as most of the ejected atoms
are electrically neutral, they are uneffected by the magnetic field and consequently,
applying a magnetic field enables sputtering at lower pressures with an increased
sputter rate. The energy of the deposited atoms critically depends on the sputter
pressure because high sputter pressure leads to a thermalization of the sputtered
material with the process gas. To ensure a good homogenity of the deposited material,
the substrate is mounted on a rotating holder and is placed off-center.
Two different configurations to deposit FePt films have been used in this work.
One method to deposit FexPt100−x films with composition of x = 52 was to sputter
FePt from a Fe target covered with Pt chips. The composition of the resulting layer
was analyzed using Rutherford Backscattering (RBS) and the arrangement of the
Pt chips was adjusted to obtain films with the desired composition. The sputter
rate was about rFePt = 0.9 A˚/s and both rate and thickness have been controlled by
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Figure 3.2: Schematic view of the operating principles of a sputter source [Sch08].
using a quartz crystal microbalance in which the shift of the resonance frequency of
a quartz crystal resonator is used to determine the film thickness.
The second method used was co-deposition from individual Fe and Pt targets.
The composition FexPty of the resulting alloy can be calculated according to the
following expression by compensating for the differences in density and atomic mass
of elemental Fe and Pt:
x
y
=
rFeρFe
AFe
APt
rPtρPt
(3.2)
with rFe(Pt), ρFe(Pt) and AFe(Pt) representing the deposition rate, density and atomic
mass of Fe(Pt), respectively. Thus, a ratio of rFe/rPt = 0.78 leads to a composi-
tion of Fe50Pt50. The rate of the individual elements can be well adjusted with the
sputtering power and calibrated prior to the deposition. So co-sputtering with con-
stant sputtering powers allows to adjust the thickness of the layer by controlling the
deposition time.
3.2.2 Molecular beam epitaxy
Thermal evaporation in ultra-high vacuum (UHV) to grow epitaxial films on single-
crystalline substrates is commonly specified as molecular beam epitaxy (MBE). The
DCA SGC600 setup where the Fe and Pt can be co-deposited onto substrates at
temperatures of up to 800 ◦C is shown in figure 3.3. Eight 4-inch wafers can be si-
multaneously introduced into the load-lock and transferred to the buffer line where
the samples are distributed to the deposition chamber, for materials evaporation
using effusion cells and electron guns or the LEED / AES chamber for analysis.
The base pressure in the system is typically < 1× 10−10mbar and does not exceed
2× 10−8mbar during FePt depositions. Unlike sputtering, evaporation from compos-
ite materials does in general not result in good control over the composition of the
deposited layers due to the different vapor pressure of the elements. Thus, only co-
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Figure 3.3: Schematic view of the MBE setup. Note, that not all vacuum pumps are visible
in this representation.
deposition of individual elements with adjusted rates (as discussed above) will lead
to alloys with specific compositions. Beside the possibility to monitor the growth
rate and thickness using a quartz balance, an electron impact emission spectroscopy
(EIES) system is additionally incorporated into the deposition chamber allowing an
element-specific optical control of the growth rate. The EIES sensor utilizes the elec-
trons emitted from a filament to excite the atoms in a portion of the molecular beam
and then detects the photons emitted by the atoms when dissipating their excess en-
ergy. Since the quantity of emitted photons is directly proportional to the density of
the atoms in the beam, this measurement technique has been applied to control the
rate of all materials evaporated by using the electron guns. The calibration stability
of the EIES system is around ±3.5% [Ley93].
3.3 Annealing techniques
Although many annealing techniques are well-known and do not need to be intro-
duced, the following two techniques might have a high economic and scientific impact
in the near future.
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3.3.1 Flash annealing
Figure 3.4: Schematic drawing of the flash annealing setup [Lan08].
Flash annealing uses intense flashes of light in the visible spectrum to achieve a
short heating time in the millisecond time regime. The flash annealing setup was
developed by the Forschungszentrum Dresden-Rossendorf and its schematic outline
is presented in figure 3.4. Due to the high power needed in a short interval of time,
the xenon flash lamps are supplied by a battery of capacitors. The energy of the
light pulse is controlled by the voltage of the capacitors. Accurate measurement of
the temperatures reached within the duration of the flash annealing process is not
possible and only few simulations for the determination of temperature profiles exist
[Smi04, McM07]. Nevertheless, the energy density E of the incident light pulse can
be predicted using the following expression
E = 12U2 (3.3)
where U is the voltage to which the capacitors are charged and E and U are given in
J/cm2 and kV, respectively. An additional set of halogen lamps can be employed to
reduce thermal stress by preheating the sample from the back side. As temperature
stable glass ceramic substrates have been used (OHARA TS-10SX ) and no stress
induced cracking of these substrate was observed, preheating the substrates prior to
the flash was not required.
3.3.2 Rapid thermal annealing
In the rapid thermal annealing (RTA) setup, the heating is achieved by using high
power halogen lamps (Fig. 3.5). Maximum heating rates of 400 ◦C/s have been
applied to heat the samples to annealing temperatures Tanneal varying between
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Figure 3.5: Schematic drawing of the RTA reactor unit in cross-section [AST94].
450 ◦C ≤ Tanneal ≤ 850 ◦C in N2 atmosphere. The annealing time tanneal was varied
from 1 s ≤ tanneal ≤ 600 s and good control over the temperature was achieved us-
ing the built-in pyrometer measuring the temperature of the silicon wafer used as a
sample holder. Note, that although the temperature of the sample was not directly
measured, good accuracy of the annealing temperature is expected due to the ho-
mogenious annealing from all sides ensuring a fast relaxation of both the sample and
the sample holder into the thermodynamic equilibrium.
3.4 Structural characterization
3.4.1 X-ray diffraction
X-ray diffraction is a powerful method to analyze the structure of both thin films and
bulk materials. Important aspects will be summarized in the following paragraph
according to popular textbooks [Bir06, Klu74, War90].
3.4.1.1 Bragg equation
The Bragg equation can be easily derived from the historical analogy of “reflection”
from a stack of parallel atomic planes according to figure 3.6 (a). The incoming x-
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Figure 3.6: (a) Geometry of the Bragg reflection analogy and (b) schematics of the θ-2θ
geometry with the X-ray source S and the detector D.
rays are partially reflected at the lattice planes and constructive interference occurs
if the condition
nλ = 2dhklsinθ (3.4)
is fulfilled where n ∈ N indicates the diffraction order, λ is the wavelength of the x-ray
beam, dhkl the distance of the lattice planes and θ the angle between the incoming
beam and the sample surface. Knowing λ and n, the distance of the lattice planes
can be calculated from the diffraction patterns which allows to determine the lattice
constants. In a fcc lattice, the lattice constants are related to dhkl by the formula
1
d2hkl
=
h2 + k2 + l2
a2
(3.5)
and in a fct lattice by the formula
1
d2hkl
=
h2 + k2
a2
+
l2
c2
. (3.6)
However, typically not all reflections expected from the lattice planes are observable
in the diffraction pattern due to destructive interference. In a fcc lattice, for example,
destructive interference occurs for hkl = 100, 110, etc. If such a forbidden reflection is
observable and the so-called superstructure peak is visible, a certain type of chemical
order must be present in the crystal and the ratio of the integral intensities of the
superstructure peak and fundamental peak can be used to quantify its degree.
Figure 3.6(b) illustrates the common θ − 2θ measurement configuration. The in-
cident beam and the sample surface enclose an angle ω and the detector is placed
under the angle 2θ = 2ω with respect to the incident beam. The rotation axis lies
on the surface of the sample and the detector rotates with twice the speed of the
sample. This arrangement only probes the lattice planes parallel to the surface. It
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frequently occurs in thin films that not all grain orientations have the same proba-
bility which can also lead to the suppresion of certain diffraction peaks, since their
corresponding lattice planes are not parallel to the sample surface. This existence
of a preferred crystallographic orientation is termed texture. If a texture is present,
tilting the sample by the angle χ perpendicular to the scattering plane allows to
turn the normal of further lattice planes parallell to the scattering vector and the
corresponding diffraction peaks can become visible.
The width of a Bragg peak is not only related to the experimental limitations,
but also to a broadening of the reciprocal lattice points due to the finite size of
the crystallites. Neglecting the experimental limitations, the Scherrer equation gives
the mathematical relation between the perpendicular coherence length LPerp corre-
sponding to an average height of the crystallites and the full width at half maximum
(FWHM) β in radiants of the Bragg peak:
LPerp =
Kλ
βcosθ
(3.7)
K is a constant related to the shape of the crystallites and a value of K = 0.94 can
be derived for cubic crystallites. However, since the shape of the investigated FePt
crystallites is typically noncubic, the approximation of K = 1 was applied.
3.4.1.2 Rocking curves
The lateral dimensions of the crystallites are typically correlated with the lateral
coherence length LLat which can be extracted from the FWHM of so called rocking
curves βRC where the angle 2θ between the reflected and incoming beam is kept
constant and only ω is varied. The width of the rocking curves is, however, not
only related to the lateral coherence length, but also to the mosaic spread η of the
crystallites, a small variation of the orientation of individual crystallites as illustrated
in figure 3.7. A method to separate both parameters was introduced by Williamson
and Hall 1953 [Wil53]. The length of reciprocal lattice vector is defined as
| qhkl| = 2π
dhkl
=
4πsinθ
λ
(3.8)
and the broadening of the reciprocal lattice point is given by
δq = | qhkl|βRC = 2π
LLat
+ η
π
180◦
| qhkl|. (3.9)
This leads to a straight line when plotting δq versus | qhkl| and the intersection with
the y-axis allows the determination of LLat and the slope the determination of the
mosaic spread η in degrees.
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Figure 3.7: Schematics of the mosaic spread in columnar grains.
3.4.1.3 Integrated intensities
The calculation of the integrated intensities of diffraction peaks cannot be accom-
plished in the simple reflection analogy. An accurate treatment of the scattering
process leads to the following expression
I00l ∝ |F00l|2A00lL00l exp
(
−BS(F) sin
2 θ
λ2
)
(3.10)
where F00l is the structure factor, BS(F) the Debye-Waller factor of the superstructure
(fundamental) peak, A00l the absorption correction and L00l the Lorentz factor.
For a binary alloy, the structure factor for the fundamental peaks is given by
|F00l|2 = 16
⎡
⎣( 2∑
i=1
xi(f
0
i(00l) + f
′
i)
)2
+
(
2∑
i=1
xif
′′
i
)2⎤⎦ (3.11)
where xi is the atomic composition of species i, f
0
i(00l) the normal scattering factor
which varies with the scattering vector and f ′i and f
′′
i the real and imaginary part
of the anomalous scattering factor depending on the photon energy. The structure
factor of the 00l superstructure peak of a binary L10 ordered alloy is
|F00l|2 = 4S2
[(
f 01 + f
′
1 − f 02 − f ′2
)2
+ (f ′′1 − f ′′2 )2
]
(3.12)
with S = S1 = −S2. The measurement of I001 and I002 allows to determine the
chemical ordering parameter according to the follwing formula:
S =
√√√√√I001|F002|2A002L002 exp
(
−BF sin2 θ002
λ2
)
I002|F001|2A001L001 exp
(
−BS sin2 θ001
λ2
) (3.13)
However, one has to note that an accurate determination of the correction factors
A, L and BS(F) is essential to obtain reliable values.
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3.4.1.4 Correction factors
The absorption correction in the θ − 2θ geometry is given by
A00l =
1
2μ
(
1− exp
(
− 2μt
sin θ
))
(3.14)
where μ is the linear attenuation factor and t the film thickness. This expression can
be approximated to
A00l =
t
sin θ
(3.15)
for thin films using a Taylor expansion.
The Lorentz factor for films with a large mosaic spread can be expressed for
θ − 2θ scans with equal θ step as [Axe83]:
L00l =
fvfh
sin 2θ
(3.16)
fv =
(
1 +
4η2v sin
2 θ
β2M + β
2
A
)− 1
2
(3.17)
fh =
(
1 +
4η2h
α2M + α
2
A
)− 1
2
(3.18)
where ηv and ηh is the vertical and horizontal mosaic spread, βM and βA the vertical
collimations before and after the sample and αM and αA the horizontal collimations.
The contribution of fh is independent on the diffraction angle and can be excluded
from the calculation of S, since S only depends on the ratio of the intensities.
The investigated FePt films, however, have typically shown a mosaic spread around
1◦ to 4◦. Thus, when using synchrotron sources and beamlines with small vertical
collimations of around 0.015◦ and 0.1◦ before and after the sample, the Lorentz factor
is well approximated by using the expression
F00l =
1
sin 2θ sin θ
(3.19)
valid for powder samples.
The Debye-Waller factor is related to the mean-square static displacement μ2S(F)
from the lattice sites due to thermal vibrations. It can be evaluated by using a
formalism according to Berg and Cohen [Ber72] by plotting ln (I00l/ (A00lL00l|F00l|2))
versus sin2θ/λ2. The slope of the straight lines is equal to BS(F) which becomes
obvious by rearranging formula 3.10 into
ln
(
I00l
A00lL00l|F00l|2
)
= −BS(F) sin
2 θ
λ2
+ C (3.20)
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with C as a constant. Based on the Debye-Waller factors, the mean atomic displace-
ment can be calculated according to
μi =
√
BS(F)
16π2
. (3.21)
3.4.1.5 Anomalous x-ray scattering
Anomalous x-ray scattering can be used to extract the chemical order parameter of
ternary alloys utilizing the variation of the structure factors in the vicinity of ab-
sorption edges [Mar90]. For ternary alloys, the structure factor of the superstructure
reflection can be written in a simplified form as
|F00l|2 = C1S21 + C2S22 + C3S1S2 (3.22)
with the factors C1, C2 and C3 depending on the normal and anomalous scattering
factors and S1 and S2 the ordering parameters of the majority atoms (in our case
Fe and Pt). This equation essentially describes an ellipse. The determination of
different structure factors using different x-ray energies now allows to extract the
chemical order parameters given by the intersection of the different ellipses. While the
factors C1, C2 and C3 can be calculated, the structure factor can be experimentally
determined by using the ratio of the integrated intensities of the (001) and (002)
reflections:
|F001|2 =
I001|F002|2A002L002 exp
(
−BF sin2 θ002
λ2
)
I002A001L001 exp
(
−BS sin2 θ001
λ2
) (3.23)
The only missing parameter |F002|2 can be calculated using the equation 3.11 modified
for ternary alloys:
|F002|2 = 16
⎡
⎣( 3∑
i=1
xi(f
0
i(00l) + f
′
i)
)2
+
(
3∑
i=1
xif
′′
i
)2⎤⎦ (3.24)
Note that the composition of the alloy restricts the possible order parameters and
the intersection zone has to be inside a polygone defined by their maximal values.
3.4.2 Transmission electron microscopy
In addition to the structural data obtained by x-ray diffraction, a transmission elec-
tron microscope (TEM) was used to study the crystalline structure in more detail.
The Philipps CM 20 FEG microscope utilizes an accelerating voltage of 200 kV and
details of its design are given in [Ott92]. An extensive sample preparation procedure
is required to achieve a good electron transparency for both lateral and cross-sectional
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imaging. This procedure typically involves heating the sample to 130 ◦C, mechanical
grinding and Ar ion etching. To avoid contamination with Cu during the Ar etching,
stainless steel rings have been used to fix the sample instead of the standard Cu
sample holders. Dark and bright field imaging was performed to study the grain size,
and high resolution imaging as well as electron diffraction allowed the investigation
of the crystalline structure. The electron diffraction patterns have been recorded by
means of a either a CCD camera or imaging plates.
3.5 Surface analysis
3.5.1 Scanning electron microscopy
In contrast to the TEM which operates analogous to the light microscope (although
the contrast formation is different), the scanning electron microscope (SEM) is based
on raster scanning where a beam of electrons is scanned over the sample surface and
the signals detected are correlated to its position. Among a variety of detectable sig-
nals like characteristic x-rays used for energy-dispersive x-ray spectroscopy (EDX),
especially the signals originating from the secondary and backscattered electrons are
suitable for surface analysis. Secondary electrons are ejected from the specimen due
to inelastic scattering with the incident electrons. They typically have low energy and
can only be emitted from the first few nanometers of the sample surface. Backscat-
tered electrons occur via elastic scattering and the detected electrons can originate
from a larger volume within the sample due to their substantially higher energy.
Since the intensity of the backscattered electrons is related to the atomic number,
the resulting SEM image can give element specific contrast. The resolution of the
SEM is not only determined by the spot size of the electron beam, but rather by the
Figure 3.8: Schematic overview of the interaction volume of the incident electrons with the
sample surface. The characteristic volumes where the detectable signals are
originating from are indicated.
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interaction volume where the signal originates from (Fig. 3.8). This is the reason,
why the highest lateral resolution is typically achieved by using the secondary electron
signal.
The Nova NanoSEM from FEI Company used for all scanning electron mi-
cropscopy images was operated with an accelerating voltage between 5 kV and 10 kV
and a typical spot size of 3 nm to 4 nm. To achieve the highest resolution, the imaging
was performed utilizing the immersion mode in combination with the TLD detector.
For more information on the operation procedure, please refer to the operations man-
ual [Duf04].
3.5.2 Atomic force microscopy
The atomic force microscope (AFM) was developed 1986 by G. Binnig et al. as an
extension to the scanning tunneling microscope (STM) which had been invented only
four years before [Bin82, Bin86]. While in the first AFM, an STM was used to detect
the deflection of a cantilever when scanning over a surface, in modern AFM setups,
the motion of the cantilever is typically detected using split photodiodes measuring
the location of a reflected laser beam (Fig. 3.9). In Tapping Mode , the cantilever
and tip are oscillating near their eigenfrequency and are scanned over the surface.
The interaction between tip and specimen influences the oscillation amplitude which
allows to use the amplitude as a feedback signal to maintain a constant distance be-
Figure 3.9: Schematic view of an atomic force microscope [Tho00].
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tween tip and surface (constant force mode). In contrast to Fig. 3.9, in a MultiMode
SPM from Veeco Instruments not the probe is scanned over the surface, but the
sample itself is moving which is beneficial for maintaining a stable optical alignment.
Beside of all sources of external vibrations disturbing the signal, especially the shape
of the tip has a huge influence on the quality of the image. Since the obtained image
is a convolution between the shape of the tip and the topography of the sample, it is
essential to use tips with the radius of the curvature and the tip sidewall angles made
as small as possible. In addition, great care was taken to minimize tip artefacts due
to blunted or dirty tips.
3.6 Chemical composition analysis
3.6.1 Rutherford backscattering spectrometry
Rutherford backscattering spectrometry (RBS) is a non-destructive analytical tech-
nique based on measuring the energy distribution of high energy ions backscattered
after the impact with the sample (Fig. 3.10 (a)). The interaction between the pro-
jectile ions with the target atoms occurs via Coulomb forces. The kinematic factor
K =
EP
E0
(3.25)
where E0 and EP is the kinetic energy of the projectile ion prior and after the
backscattering event can be calculated using the law of conservation of energy and
momentum. It depends on both MP, the mass of the projectile, and MT, the mass
of the target atom, as well as the scattering angle θ according to
K =
⎛
⎜⎜⎝
√
1−
(
MP
MT
)2
sin2 θ +
(
MP
MT
)
cos θ
1 +
(
MP
MT
)
⎞
⎟⎟⎠
2
(3.26)
when assuming elastic collisions. In addition inelastic collisions with electrons do
occur when the projectile penetrates the sample. These collisions lead to an energy
loss which is approximately proportional to the covered distance within the sample
which also has an influence on the Rutherford scattering cross section
dS
dΩ
=
(
ZPZTe
2
16π0E
)2
4
sin4 θ
(√
1−
(
MP
MT
)2
sin2 θ + cos θ
)
√
1−
(
MP
MT
)2
sin2 θ
(3.27)
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Figure 3.10: (a) Principle measurement geometry according to [Sch92] and (b) spectrum
of a WSi2 layer on an oxidized Si substrate used for energy calibration.
where ZP and ZT are the atomic numbers of the projectile and target atoms, e
the elementary charge and 0 the vacuum permittivity. With these relations, the
typical shape of a spectrum obtained by RBS as presented in figure 3.10(b) can be
interpreted.
The RBS was performed at the Forschungszentrum Dresden-Rossendorf with He+
projectile ions accelerated to an energy of E0 = 1.7MeV. The scattering angle was
fixed to θ = 170◦ and the analysis of the spectrum was done by using the simulation
software SIMNRA [May97].
3.6.2 Sputter depth profiling
To determine the elemental composition with a higher depth resolution than the
standard RBS, sputter depth profiling was used. One can distinguish between two
main branches, namely either the analysis of the removed material or the analysis of
the remaining surface [Hof04].
The analysis of the removed material is known as secondary ion mass spec-
trometry (SIMS) and was first introduced by Honig 1958 [Hon58], but nowadays,
also the time of flight SIMS (TOF-SIMS) using a dual beam mode is widely used
for various depth profiling applications [Gre03]. This technique utilizes a low en-
ergy ion beam to remove sample material and a pulsed high energy ion beam to
generate the secondary ions. Using this two beam approach allows to optimize the
sample removal to achieve the best depth resolution. TOF-SIMS was performed at
the Leibniz-Institut fu¨r Oberfla¨chenmodifizierung e.V. and an ion beam of O+ ions
with an energy of 500 eV was used for sputtering and the analysis was performed
using Ga+ ions with an energy of 15 keV leading to a depth resolution down to 1 nm.
The method to determine the elemental composition of the remaining surface by
Auger electron spectroscopy (AES) was introduced 1972 [Pal72] where the sur-
face sensitivity required for precise depth resolution is given by the limited escape
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depth of the Auger electrons. AES depth profiling was carried out in Forschungszen-
trum Dresden-Rossendorf by using the scanning Auger electron spectrometer Micro-
lab 310F from Fisons. The typical depth resolution of this method is around 2 nm
to 3 nm.
Both methods are complementary and will lead to similar results if no preferential
sputtering and matrix-effects occur. Since the sputter yield of the investigated ele-
ments (Fe, Pt, Cu, Si, O) is, however, not identical, preferential sputtering is likely
and its effect will be visible in all obtained depth profiles. In addition, sputter induced
intermixing as well as a change in surface roughness can further effect the resolution.
These drawbacks make a quantitative analysis more difficult, but changes in the el-
emental composition should become visible as soon as stable sputtering conditions
are present.
3.7 Magnetic characterization
3.7.1 Superconducting quantum interference device
The most sensitive magnetometer for measuring a magnetic field is the supercon-
ducting quantum interference device (SQUID) [Ede07]. The MPMS SQUID VSM
from Quantum Design offers a sensitivity of < 8× 10−8 emu at the maximum field
of 70 kOe [Qua10]. Magnetic measurements can be performed at temperatures be-
tween 1.8K and 400K in the standard setup and up to 1000K with the available
high temperature option, but all measurements in this work have been performed at
300K unless otherwise stated. The actual SQUID sensor consists of an arrangement
of two Josephson junctions into a ring structure and since its operating principles
are discussed in [Ens00, Fag06], only typical measurement artefacts will be covered
in the following section.
First, the reported magnetic field in the MPMS SQUID VSM is derived from the
current passing through the solenoid. Since magnetic flux can be trapped inside
the solenoid by persisting currents within the superconducting wire, the value of the
actual field at the position of the sample can deviate several oersted from the reported
field. Since this field error reproducibly depends on the magnetic history, it can in
principle be calibrated with a paramagnetic reference. However, owing to the high
coercivtiy of the annealed FePt samples, this calibration was not required.
Second, the magnetic signals detected by SQUID magnetometry typically consist
of contributions from the magnetic layer, the substrate and the sample holder. As
the contributions of the substrate and sample holder typically scale linearly with the
magnetic field, their contributions can be determined and thus subtracted by mea-
suring the slope of the M −H loop at fields higher than the saturation field of the
magnetic layer. Due to the high saturation field of chemically ordered FePt, this
method was not always applicable and another approach was attempted for back-
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Figure 3.11: Cutaway view over the SQUID VSM setup. Note that the pump console is
not shown [Qua10].
ground subtraction. A set of soft-magnetic reference samples with different mass
has been measured to determine the linear dependency of the background signal (see
Fig. 3.12). This dependency allows the subtraction of the background signal of a
hard-magnetic sample simply by determining its mass without requiring magnetic
fields exceeding the saturation field. However, please note that this method was only
applicable using quartz sample holders used for measurements with the applied field
along the sample plane, since the brass sample holders for measurements with the
magnetic field applied perpendicular to the sample plane give a stronger background
signal exceeding the accuracy of this method. However, even when using quartz sam-
ple holders, the amount of glue to fix the each sample can have a substantial influence,
as the droplet of glue is leading to a diamagnetic signal of −2× 10−10 emu/Oe (corre-
sponding to about a fifth of the contribution of the substrate). Only magnetometers
with fields in the range of 150 kOe or above would allow a background subtraction
with a better accuracy which, unfortunately, do not yet exist with the precision of a
SQUID magnetometer.
In conclusion, all background contributions limit the accuracy of the SQUID mag-
netometer. Its ultimate resolution can only be achieved by a continuing optimization
of the sample holder (e.g. quartz, brass, straws) and the mounting techniques (e.g.
glue, silver paste, quartz tubes, straws).
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Figure 3.12: Diamagnetic background vs. mass. The red line is a fit to the experimental
data points and zero mass corresponds to an empty sample holder with a
droplet of glue.
3.7.2 Magneto-optical Kerr effect
Starting with the discovery that the polarization of light slightly turns when reflected
from the pole of a magnet in 1877 by John Kerr, measuring the magneto-optical Kerr
effect (MOKE) has become a popular analysis tool for the characterization of thin
films down to a thickness in the monolayer regime [Wei08, Qiu00, Bad86]. Since the
Kerr rotation is proportional to the magnetization, it enables a fast and powerful
method to study hysteresis loops as well as magnetization dynamics [Bec99, Bar06].
Due to the limited penetration depth of the laser beam, it is highly surface sensitive
and, contrary to SQUID magnetometry, does typically not exhibit strong magnetic
background signals originating from the substrate. This sensitivity on the magnetic
film properties only was routinely used to cross-check results obtained by SQUID
magnetometry whenever possible, although the absolute magnetic moments usually
cannot be determined by MOKE magnetometry.
Figure 3.13: The three different MOKE geometries: (a) longitudinal, (b) transversal and
(c) polar geometry.
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Depending on the incident light geometry and the orientation of the magnetic field,
three different geometries are distinguished as outlined in figure 3.13. In this work,
two different setups in polar geometry using focused laser light with a wavelength of
670 nm and 635 nm have been used [Ulb03, Spr07] and the highest magnetic fields
possible have been 20 kOe and 10 kOe, respectively.
3.7.3 Magnetic force microscopy
The magnetic force microscope (MFM) was invented shortly after the AFM in 1986
and is based on the same principle, namely the measurement of the forces between
the tip and the specimen [Mar87]. When using a magnetic tip, magnetic forces will
appear in addition to the van der Waals, capillary, adhesion and contact forces a
non-magnetic tip is typically sensing in the vicinity of a surface [Gar02]. To extract
a purely magnetic signal, magnetic images have been obtained using Lift Mode with
its principles outlined in Fig. 3.14 (a) and (b). During the first line scan, the tip is
close to the surface and the topography is imaged. Afterwards, the tip is retracted
and a second line scan is performed maintaining a constant tip-sample distance of
around 20 nm to 30 nm by following the previously recorded height profile.
The same AFM setup as discussed earlier was used for MFM investigations. Its
lateral magnetic resolution which is dependent on the tip-sample distance as well as
the properties of the tip itself, was around 20 nm. The high-resolution MFM tips
have been purchased from Team Nanotec GmbH and a tip radius after Co coating of
r < 40 nm and a full cone angle of around 12◦ is specified.
Figure 3.14: Schematic presentation of the “Lift-mode” on a sample with perpendicular
magnetic anisotropy: (a) first scan sensitive to the topography and (b) second
scan keeping a constant distance between tip and surface and consequently
only sensitive to magnetic stray fields.
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3.7.4 Magnetic anisotropy
In principle, the magnetic anisotropy (energy density) KU and can be determined
according to:
KU =
(
1
V
∫ HA
0
m   d H
)
easy-axis
−
(
1
V
∫ HA
0
m   d H
)
hard-axis
(3.28)
where H is the applied Field, m the measured magnetization and HA the anisotropy
field required to fully saturate the samples along the hard-axis of the magnetization
[O‘H00]. The actual experimental determination of the magnetic anisotropy, however,
is a challenging task and typically involves torque magnetometry or ferromagnetic
resonance [Gra68, Far98, San04].
In case of thin films, the determination of the effective anisotropy Keff defined as
the difference between the energy densities required to saturate the magnetization
in the directions parallel and perpendicular to the sample plane is typically suffi-
cient. Hence, SQUID magnetometry was used to determine Keff. The hysteretic
effects had been eliminated by interpolating the ascending and descending branch of
the hysteresis loop and the integration of the magnetization curves along the axes
perpendicular and parallel to the sample plane following the expression 3.28 was
performed. Note that according to this definition, positive values of Keff indicate a
perpendicular magnetic anisotropy (PMA).
Figure 3.15: Ideal magnetization curves of a layer with uniaxial anisotropy. The magneti-
zation curve along the easy-axis is shown in red, the curve along the hard-axis
is shown in blue.
In the ideal case of a material with uniaxial magnetic anisotropy and without
hysteresis (Fig. 3.15) the effective anisotropy is simply given by
Keff =
MSHA
2
, (3.29)
with MS being the saturation magnetization. This expression is also valid for nano-
structures exhibiting a magnetization reversal via coherent rotation [Sto48].
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The transformation of FePt from the chemically disordered A1 phase into the chemi-
cally ordered L10 phase typically involves a postannealing step to temperatures be-
tween 500 ◦C and 900 ◦C [Ito04, Rhe10, Zen03]. In the last years, a continuous effort
has been made not only to reduce the required annealing temperature, but also to
reduce the required annealing time utilizing laser annealing [Bus06, Ina09a] or mil-
lisecond plasma arc pulses [Ina09b], as these short annealing times can effectively
prevent interdiffusion and grain growth and would enable a large throughput min-
imizing the production costs. While no ordering was observed when the annealing
time of the laser pulses was in the nanosecond time scale, partial order was induced
using a 10ms pulse width. Partial ordering was also observed using plasma arc an-
nealing with annealing times of 50ms and 100ms. In addition, it was also shown
that the chemical order increases with annealing time and film thickness, consistent
with the model calculations of the TTT diagrams [Ber07a]. Thus, the annealing
of FePt films using millisecond light pulses is not only a promising route for future
thin film applications, but also allows to study the onset of grain growth and phase
transformation to confirm the theoretical models.
Recently, flash lamp annealing with annealing times between 3ms and 20ms has
been applied to crystallize amorphous silicon films on glass, prepare ultrashallow
p-junctions, or to induce the heteroepitaxial growth of improved quality thin films
of cubic silicon carbide [Pec05, Lan08, Sko05] demonstrating the prospects of flash
lamp annealing for the semiconductor industry. The scope of the present study is to
extend this field of application to the processing of FePt thin films and investigate
the evolution of the magnetic properties and chemical ordering in the millisecond
time regime.
4.1 Experimental details
FePt films with thicknesses of 5 nm, 10 nm, 20 nm and 50 nm have been deposited
at room temperature by magnetron sputtering from individual Fe and Pt targets
using an Ar pressure of 3.5× 10−3mbar on TS-10SX glass-ceramic substrates from
Ohara Corporation. These novel substrates are especially designed for an application
in future hard disk drives and are resistant to the intense flash light pulses, since
they do have an operating temperature of 650 ◦C and a coefficient of thermal expan-
sion (CTE) of 7.4× 10−6K−1 which is only slightly smaller than the CTE of FePt
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Figure 4.1: θ − 2θ diffraction pattern of a TS-10SX glass-ceramic substrate from Ohara
Corporation.
(10.5× 10−6K−1 [Ras05]). Crystalline phases of Li2Si2O5 and alpha quartz are incor-
porated into the substrates which are leading to pronounced diffraction peaks (Fig.
4.1). In order to visualize the diffraction peaks originating from the FePt layers, this
diffraction pattern of a blank substrate was subtracted from all diffraction patterns
discussed below.
The samples were transferred to the flash annealing setup, where the annealing
using 20ms light pulses was performed under N2 atmosphere. No preheating was
applied and the energy density of the light pulse was controlled via the capacitor
charge. The irradiation of the Xe lamps is primarily in the visible spectrum with
two maxima around 470 nm and 570 nm (Fig. 4.2 (a)). The shape of the light pulse
reveals typical rise and fall times of around 4ms and 10ms, respectively (Fig. 4.2
(b)).
Since no temperature measurement is possible during the short annealing times,
the energy densities had to be individually adjusted for all thicknesses and four runs
Figure 4.2: (a) Irradiation spectrum of the Xenon gas discharge lamp and (b) typical shape
of the 20 ms light pulse.
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Figure 4.3: Overview over the different film thicknesses and energy densities under discus-
sion. The energy densities where ablation occurs are indicated.
with increasing intensities up to the limit of ablation were processed (Fig. 4.3). The
limit of ablation was optically determined and shifts towards lower energy densities
with decreasing film thickness. While the melting temperature of silicon can be used
to estimate the annealing temperature of flash annealed Si wafers, no estimation of
the temperature of FePt was possible, since the ablation occured before the melting
point was reached.
4.2 20 nm thick FePt films
The structural investigation was performed at beamline G3 at HASYLAB, DESY.
Only a weak peak corresponding to the (111) reflection of FePt is visible in the as
grown state indicating the polycrystalline nature and small grain size of the deposited
FePt film (Fig. 4.4 (a)). Increasing the energy density of the incident light pulse leads
to a sharpening of the (111) reflection and the evolution of the (001), (110), (200)
and (002) reflections of FePt (Fig. 4.4 (b)-(d)). After flash annealing with an energy
density of 91 J/cm2 the (001) superstructure peak appears and the ratio between the
(001) and (002) reflection indicates a chemical order parameter of S ≈ 0.8. However,
due to the low intensity of the peaks, S is only a rough estimate. Annealing using
a light pulse with an energy density of 108 J/cm2 leads to a further increase in all
peak intensities and every peak expected for a polycrystalline FePt film is observable.
Neglecting the Debye-Waller factors, S was determined to S = 0.9± 0.1. Ergo, only
little variation of the order parameter is observed when the intensity of the light pulse
and thus the annealing temperature is raised. As the L10 ordering is a first order
transformation and occurs via the nucleation and growth of the ordered phase [Ris99],
it seems possible that grain growth is correlated with the ordering transformation.
To study the grain growth in detail, the perpendicular coherence length was ex-
tracted from the (111) reflection visible after all annealing processes (Fig. 4.5).
36
4.2 20 nm thick FePt films
Figure 4.4: θ− 2θ diffraction patterns of a 20 nm thick FePt in (a) the as grown state and
after flash annealing for 20ms using an energy density of (b) 75 J/cm2, (c)
91 J/cm2 and (d) 108 J/cm2. Note that the background from the glass ceramic
substrate was subtracted.
Figure 4.5: dependence of the perpendicular coherence length LPerp on the energy density
of the flash light. Note that the (111) reflection was used for its determination.
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Figure 4.6: M-H loops of a 20 nm thick FePt in (a) the as grown state and after flash
annealing for 20ms using an energy density of (b) 75 J/cm2, (c) 91 J/cm2 and
(d) 108 J/cm2.
Starting from a coherence length which corresponds well with the film thickness, a
roughly linear increase with intensity was observed, as soon as the energy density of
the light pulse is exceeding 50 J/cm2. Therefore, if the grain growth is truly correlated
with the ordering transformation, it will be expected that the onset of chemical
ordering occurs at intensities of around 50 J/cm2, although no superstructure peaks
are visible in the diffraction pattern even after a light pulse with an intensity as high
as 75 J/cm2.
Magnetic hysteresis loops measured utilizing SQUID magnetometry support this
assumption (Fig. 4.6). Whereas the behavior of the as grown and chemically dis-
ordered FePt film is dominated by the shape anisotropy with a magnetic easy axis
in the film plane and very low coercivity, the behavior of the flash annealed films is
dominated by the degree of chemical order. A systematic increase in coercivity to-
wards higher intensities, as well as a modification of the magnetic anisotropy from an
in plane magnetic easy axis to a rather isotropic behavior is observed. The coercivity
is typically directly related to the ordered volume fraction with the maximum of co-
ercivity coinciding with the fully ordered structure [Ris99]. Thus, an increase of the
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Figure 4.7: (a) The saturation magnetization and (b) the perpendicular coercivity of 20 nm
thick FePt films after flash annealing for 20ms using energy densities up to
108 J/cm2.
ordered volume fraction with increasing pulse energy is expected. Good agreement
of the evolution of the perpendicular coherence length (Fig. 4.5) with the increase
in coercivity (Fig. 4.7 (b)) indicates a simultaneous reaction of grain growth and
chemical ordering rather than two independent reactions occuring sequentially.
No perpendicular magnetic anisotropy was induced after any annealing condition,
consistent with the diffraction patterns showing the absence of a pronounced (001)
texture. The mechanism responsible for the pronounced loss in saturation magneti-
zation (Fig. 4.7 (a)) with increasing energy densities remains unclear. Oxidation
Figure 4.8: AFM and corresponding MFM images of FePt with a thickness of 20 nm in (a)
the as grown state and (b) - (d) after a 20ms light pulse delivering different
energy densities.
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of the surface or the formation of a magnetically dead layer at the substrate/film in-
terface when the temperature of the FePt film is exceeding the operating temperature
of the substrate are likely origins.
AFM/MFM investigations further confirm the evolution of chemcial order and
grain growth (Fig. 4.8). A clear increase in grain size and roughness towards higher
energy densities is observable. In addition, magnetic contrast becomes visible after
annealing with intensites exceeding 75 J/cm2. Although a detailed interpretation of
the magnetic contrast is always critical, the relatively small domain size, absence of
stripe domains and the broad spectrum of magnetic contrast is a firm indication of
isotropic magnetic behavior with a large number of pinning sites effectively restricting
the magnetic domain size.
4.3 Thickness dependence
Comparing the influence of flash annealing on FePt films with different thicknesses
is a challenging task, since the correct annealing temperature is not known. In
addition, similar energy densities of the incident flash light pulse will very likely
not correspond to similar annealing temperatures, because the amount of absorbed
energy is highly thickness dependent. Thus, the following comparison of the different
thicknesses is based on flash intensities close to the limit of ablation, which are
119 J/cm2, 108 J/cm2, 87 J/cm2 and 87 J/cm2 for FePt thicknesses of 50 nm, 20 nm,
10 nm and 5 nm, respectively.
Clear diffraction peaks are visible in the diffraction pattern of the flash annealed
FePt film with a thickness of 50 nm and in addition to the (001), (110) as well
as (201) superstructure peaks, a distinct separation between the (200) and (002)
reflection is observable which is typical for the fct L10 phase (Fig. 4.9 (a)). A
chemical order parameter of S = 0.9 ± 0.1 was extracted from the intensity ratio
between the (001) superstructure and (002) fundamental peak. In agreement with
the absence of the (002) reflection of the disordered phase, a large chemically ordered
volume fraction can be expected. The intensity of the reflections is decreasing with
decreasing thickness and for FePt thicknesses smaller than 10 nm, only the (001),
(111) and (002) reflections are present (Fig. 4.9) .
While the ratio of the integral intensities of the (002) and (111) peaks correspond
well with the expected value for a polycrystalline FePt layer when the film thickness
is 50 nm, the ratio increases to I(002)/I(111) ≈ 0.9 when the thickness is reduced.
This is an indication of a modified grain growth, favoring the (001) orientation.
Unfortunately, further x-ray diffraction experiments confirming a preferential (002)
grain growth have not been possible due to the strong background signal of the
polycrystalline substrate. For a further analysis of the grain growth, TEM studies
would be necessary.
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Figure 4.9: θ−2θ diffraction patterns of FePt films with a thickness of (a) 50 nm, (b) 20 nm,
(c) 10 nm and (d) 5 nm after annealing for 20ms using an energy density of
119 J/cm2, 108 J/cm2, 87 J/cm2 and 87 J/cm2, respectively. The contribution
of the glass ceramic substrate was subtracted.
Magnetic hysteresis loops can be used to extend the analysis of the transformed
volume fraction and preferential grain growth. Open hysteresis loops in both field
directions parallel and perpendicular to the sample plane are found for FePt films
with thicknesses down to 10 nm (Fig. 4.10 (a) - (c)). No preferential easy axis is
present, confirming the existence of a chemically ordered, but polycrystalline FePt
film. Only a small perpendicular coercivity is present in the 5 nm thick film and the
easy axis of magnetization is in the film plane, indicating only a small volume fraction
of chemically ordered FePt grains. Nevertheless, by subtracting the shape anisotropy
from the effective anisotropy, the uniaxial anisotropy constant can be determined to
KU = (1.5± 0.3)Mergs/cm3 suggesting a preferential growth of L10 ordered grains
with (001) texture.
Figure 4.11 (a) and (b) presents a summary of the evolution of both the satura-
tion magnetization and coercivity with increasing flash intensity for all thicknesses.
The saturation magnetization in the as grown state is systematically increasing with
thickness and reaches bulk values for a film thickness exceeding 20 nm, consistent
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Figure 4.10: Hysteresis loops of FePt films with a thickness of (a) 50 nm, (b) 20 nm, (c)
10 nm and (d) 5 nm after annealing for 20ms using an energy density of
119 J/cm2, 108 J/cm2, 87 J/cm2 and 87 J/cm2, respectively. The magnetic
field was applied parallel and perpendicular to the sample plane.
Figure 4.11: Dependence of the (a) saturation magnetization and (b) perpendicular coer-
civity on the film thickness and energy density.
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with the existence of a thin oxide layer with constant thickness whose influence on
the integral magnetic properties of the full layer is decreasing towards thicker films.
A systematic decrease in MS is observed towards higher flash intensities for all FePt
thicknesses. Although it can be explained in terms of oxidation and dead layer for-
mation, as discussed above, insufficient fields to reach magnetic saturation especially
for the FePt films with thicknesses of 50 nm and 20 nm cannot be excluded. The
perpendicular coercivity starts to increase for flash intensities between 48 J/cm2 and
75 J/cm2 for all thicknesses. The highest values of HC for any given energy density
are obtained for 20 nm thick FePt films indicating that this thickness is most suitable
to achieve FePt films with a high volume fraction of chemcially ordered grains.
4.4 Summary
Flash lamp annealing utilizing 20ms Xe light pulses has been used to transform
chemically disordered FePt films into their chemically ordered L10 phase. While
only a small fraction of the volume was transformed into the ordered L10 phase
in 5 nm thick films, a high degree of chemical order leading to coercivities larger
than 10 kOe has been achieved for FePt films with thicknesses exceeding 20 nm. A
systematic increase of the coercivity with flash light intensity was observed for all
thicknesses, but no effective perpendicular magnetic anisotropy has been achieved
for any annealing conditions, limiting the application of flash lamp annealed FePt
films as a recording media in current perpendicular recording concepts. However, the
fabrication of FePt based permanent magnets for applications in magnetic micro-
electro-mechanical systems (magnetic MEMS) [Gut05] might benefit from this new
annealing technique.
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Rapid thermal annealing extends the annealing times of several milliseconds ap-
plicable during flash annealing to several seconds and minutes. It is nowadays
widely used in the manufacturing process of semiconductors [Jin06] and, in re-
cent years, it has been applied to magnetic materials for fabrication of recording
heads [Roo95] or permanent magnets [Koj00, Wu01, Fan96, Liu98] triggering consid-
erable research interest. In addition, the potential to induce perpendicular mag-
netic anisotropy in CoPt and FePt films grown at RT on amorphous substrates
[Yan03b, Zen02, Yan03a, Kim07] makes RTA potentially interesting technology for
the fabrication of novel recording layers in hard disk drives. In the following study,
RTA of sputter deposited FePt films on thermally oxidized Si substrates was per-
formed and the dependence of the magnetic and structural properties on the anneal-
ing time, annealing temperature and film thickness as well as possible mechanisms
for the evolution of the (001) texture will be discussed.
5.1 Annealing time
5 nm thick Fe52Pt48 films were sputter-deposited at RT onto thermally oxidized
Si(100) substrates with a SiO2 thickness of 100 nm using a Fe target covered with Pt
chips. The Ar sputter pressure was adjusted to 3.5× 10−3mbar for all depositions
and the composition of the alloy was later on verified by Rutherford Backscattering.
RTA was performed under N2 atmosphere with a fixed heating rate of 400
◦C/s and
constant annealing temperature of Ta = 800
◦C while the annealing time ta was varied
between 5 s and 300 s.
The structural properties of the samples were investigated by x-ray diffraction
at beamline G3 (HASYLAB, DESY ). X-ray θ - 2θ diffraction patterns show both
fundamental and superstructure peaks corresponding to (001) oriented FePt grains
for all annealing times (Fig. 5.1). Even after an annealing time of 5 s, the (001)
superstructure and (002) fundamental peaks are dominant compared with the (111)
fundamental reflection and indicate a pronounced (001) texture. After an annealing
time of 150 s, additional peaks appear. The origin of these reflections is still unclear,
but silicide formation or oxidation seems likely. After an annealing time of 30 s, the
integral intensities of the (001) and (002) peaks reach their maxima (Fig. 5.2 (a))
which is an indication for the optimum crystalline quality and (001) texture since the
area irradiated with x-rays was comparable for all samples. The integral intensity
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Figure 5.1: X-ray θ − 2θ diffraction patterns of 5 nm thick FePt films after RTA to for
different annealing times varied between 5 s and 300 s. The positions of the
001, 111 and 002 reflections of bulk FePt as well as the 002 reflection of the Al
sample holder are indicated. Please note the logarithmic scale.
ratio I001/I002 of the superstructure and fundamental peaks was used to extract the
long range chemical order parameter S according to the routine discussed in section
3.4.1. To accurately determine the correction factors, higher diffraction orders were
measured on samples annealed for 30 s ≤ ta ≤ 150 s. Since the mosaicity of these
samples was found to be around 3◦ and the beam divergence was 0.9mrad×0.4mrad,
the Lorentz factor L can be approximated by using the expression for powder samples
(Eq. 3.19). In addition, the values of the Debye-Waller correction D were found to
be close to 1 and its influence on S was neglected. Using the same L and D values
to evaluate the data measured on the samples annealed for 5 s and 300 s, a constant
ordering parameter of S = 0.9±0.1 was determined for all samples (Fig. 5.2 (b)). No
variation of S with the annealing time was observed, indicating a correlation between
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Figure 5.2: Dependence of (a) the integral intensity of the 001 and 002 reflections and (b)
the chemical ordering parameter S on the annealing time. Please note that
the as grown sample (S = 0) did not exhibit any (001) and (002) peaks. The
dotted lines are guides to the eye.
texture formation and ordering transformation. However, one has to note that the
chemical order parameter was evaluated for (001) oriented grains only which were
probed in the experiment. Hence, this evaluation procedure cannot exclude different
degrees of chemical ordering for grains with different orientations.
To get a deeper insight into the origin of the (001) texture formation, the c lattice
parameter was extracted from the 00l diffraction peaks (1 ≤ l ≤ 4) and the a
lattice parameter was extracted by tilting the sample to χ1 = 53.66
◦ and χ2 = 43.87◦
allowing to measure the peaks corresponding to the (111) and (202) planes of the (001)
textured grains, respectively. The determination of a and c allows visualizing the
strain induced in (001) oriented grains by the RTA process. After an annealing time
of 5 s, the c-axis is substantially contracted while the a-axis is expanded compared to
Figure 5.3: Dependence of (a) the a and c lattice parameter of (001) oriented grains and
(b) the c/a ratio on the annealing time. The values for chemically ordered bulk
FePt are indicated using dotted lines. Solid lines are a guide to the eye.
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Figure 5.4: Dependence of the perpendicular coherence length on the annealing time de-
termined analyzing the (001) reflection. The annealing temperature was fixed
to Ta = 800
◦C and the dotted line is a guide to the eye.
the values of fully L10 ordered bulk FePt (Fig. 5.3 (a), (b)). Longer annealing
times lead to a relaxation of the lattice parameters closer to bulk values and after an
annealing time of 150 s no further changes of the lattice parameters are observed.
This immediate distortion of the fct lattice is an indication of tensile in-plane
strain favoring the growth of (001) oriented grains with the longer axis of the fct
lattice pointing in the direction of the strain. A likely origin of this in-plane strain
is the effective volume shrinkage within the FePt layer occurring during the rapid
recrystallization in combination with the annihilation of defects and grain boundaries
[Zei00]. In addition, the perpendicular coherence length LPerp was extracted from the
(001) reflection using the Scherrer equation with K = 1 (Fig. 5.4). While a value of
5.8 nm was found after an annealing time of 5 s which corresponds reasonably well
with the nominal film thickness of 5 nm, a drastic increase of LPerp was observed after
longer annealing times. LPerp reaches 31 nm after an annealing time of 300 s which
is about 6 times larger than the initial film thickness and indicates a change in the
film morphology from continuous to particulate.
The change in the morphology of the samples after RTA depending on the annealing
time is clearly visible in the series of AFM/MFM images (Fig. 5.5 (a) - (f)). The
onset of a pronounced dewetting behavior occurs around an annealing time of 5 s
and the smooth continuous films in the as-grown state (RMS roughness = 0.58 nm)
transform into particulate films within the first 30 s (RMS roughness = 3.04 nm after
ta = 30 s). Longer annealing times lead to an increase in RMS roughness reaching
18 nm after ta = 300 s.
Seeing that the annealing temperature is 800 ◦C during the RTA process and thus
substantially exceeding the Curie-temperature of FePt, the FePt islands are in a de-
magnetized state after having cooled down to RT. An annealing time of 30 s is leading
to pronounced magnetic contrast for all FePt islands. Islands with a diameter below
100 nm primarily show a single-domain state and multi-domain states are formed
47
5 Rapid thermal annealing of FePt
Figure 5.5: AFM and corresponding MFM images of 5 nm thick FePt films in the (a) as
grown state and (b) - (f) after RTA to 800 ◦C for 5 s, 30 s, 70 s, 150 s and 300 s,
respectively. All samples are in the demagnetized state and several tip induced
switching events are indicated in (c).
within the larger islands. Although the coercivity of particulate L10 ordered FePt
films is typically well above the stray field of the magnetic tip, several tip-induced
switching events can be identified (marked in figure 5.5 (c)). This finding can be
explained with respect to the different fields required to either nucleate a magnetic
domain or to move an existing domain-wall. Since the larger islands are in a multi-
domain state prior to the MFM investigation, domain walls are present and can be
depinned by the stray fields of the magnetic tip.
Please note that only a few islands reveal magnetic contrast when the annealing
time exceeds 150 s. This reduction of magnetic contrast correlates with the evolution
of the additional diffraction peaks (Fig. 5.1) and is in agreement with the assumption
of silicide formation, although oxidation or Pt segregation cannot be excluded.
The results of the magnetic characterization using SQUID magnetometry confirm
the observed structural properties (Fig. 5.6). While an in-plane easy axis with
Keff = −(3.6± 0.4)× 106 ergs/cm3 is observed for the as grown FePt film (A1 phase)
which is given by the shape anisotropy KS = 2πM
2
S = (3.4± 0.4)× 106 ergs/cm3, an
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Figure 5.6: M-H loops of 5 nm thick FePt films in the (a) as grown state and (b) - (f) after
RTA to 800 ◦C for 5 s, 30 s, 70 s, 150 s and 300 s, respectively. The magnetic
field was applied perpendicular and parallel to the substrate plane. Please note
that the loops have been cross-checked using a vibrating sample magnetometer
with magnetic fields up to 90 kOe. No major discrepancy has been observed
verifying the complete saturation along the easy-axis.
annealing time of 5 s is already sufficient to turn the easy axis of the magnetization
into the out-of-plane direction. The coercivity along the perpendicular easy-axis is
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Figure 5.7: Coercivity along the out-of-plane easy-axis of magnetization (HOOPC ) with re-
spect to the annealing time. The dotted line is a guide to the eye.
rapidly increasing with annealing time and saturates at around 45 kOe (Fig. 5.7). A
high coercivity and broad switching field distribution is in good agreement with the
observed particulate morphology, since nucleating domains in particulate FePt films
or, more likely, a reversal by incoherent rotation is typically leading to substantially
higher coercivities and switching field distributions as compared to continuous films
in which the reversal is dominated by domain wall propagation [Wei04]. Furthermore,
the comparison of the evolution ofHC (Fig.5.7) with the behavior of the perpendicular
coherence length (Fig.5.4) which shows an intriguing similarity is another indication
that in this system, the morphology is the dominating influence on the coercivity.
Linear extrapolation of the hard-axis loop to the intersection with the out-of-
plane loop allowed to estimate the anisotropy fields Ha for all samples which were
used to estimate an effective magnetic anisotropy constant Keff according to Keff =
1
2
MSHa. The dependence of Keff on the annealing time shows a maximum of around
(90± 50)Mergs/cm3 after ta = 30 s (Fig. 5.8(a)). This maximum coincides with the
maximum of the integrated intensity of the diffraction peaks (Fig. 5.2) and the value
is comparable with the anisotropy of epitaxially grown FePt films on MgO (001)
single crystals [Far96a]. The A1 to L10 phase transformation is accompanied with
a pronounced increase in saturation magnetization (Fig. 5.8(b)) and after ta = 5 s,
a value of MS = (1060± 130) emu/cm3 was determined which is consistent with the
values reported in literature [Kle95]. This increase in saturation magnetization can,
however, not be attributed to the chemical ordering, but the annihiliation of defects
and removal of impurities during the RTA process are likely origins.
The following deterioration of MS after longer annealing times is an indication for
identical mechanisms as discussed earlier with respect to the formation of additional
diffraction peaks (Fig. 5.1) and the reduction of magnetic contrast (Fig. 5.5), namely
silicide formation and oxidation.
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Figure 5.8: Dependence of (a) the effective anisotropy and (b) the saturation magnetiza-
tion on the annealing time. The values of bulk FePt as well as the effective
anisotropy of fully ordered FePt films epitaxially grown on MgO (001) single
crystals [Far96a] are indicated for comparison.
5.2 Annealing temperature
As a second parameter, the annealing temperature was varied from 450 ◦C to 850 ◦C
and its influence on the magnetic and structural properties was under investigation.
The annealing time and film thickness was fixed at 30 s and 5 nm, respectively.
X-ray diffraction performed in θ − 2θ geometry indicates that both grain growth
and chemical ordering start at a temperature of around 550 ◦C, since the (002) fun-
damental reflection as well as the (001) superstructure peak become visible (Fig.
5.9 (b)). In addition, after annealing to 650 ◦C Laue oscillations are visible in the
diffraction pattern indicating a homogeneous thickness of the (001) oriented crystal-
lites. Higher temperatures lead to a substantial increase in intensity and a narrowing
of the (001) and (002) peaks until the integral intensity reaches its maximum for
an annealing temperature of 800 ◦C (Fig. 5.10(a)). The (111) peak, however, is
only visible after annealing to temperatures up to 550 ◦C and vanishes for higher
temperatures (Fig. 5.9). This indicates the preferential growth of (001) oriented
grains leading to a complete annihilation of misoriented grains when sufficiently high
annealing temperatures are applied.
The ordering parameter S was determined from the integral intensity ratio of the
(001) and (002) reflections and values of S exceeding S = 0.8 have been observed for
all samples independent on the annealing temperatures (Fig. 5.10 (b)). This weak
dependence on the annealing temperature is in contrast with the behavior of epitax-
ially grown FePt where an increase in S with increasing annealing temperature was
observed [Far96b]. This implies that the (001) texture formation critically depends
on the chemical ordering, since all grains with (001) orientation exhibit a comparable
high degree of L10 order. In addition, when correlating the degree of chemical order
determined for the (001) oriented grains to the magnetic properties (see discussion
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Figure 5.9: X-ray θ− 2θ diffraction patterns of 5 nm thick FePt films after RTA for 30 s to
(a) 450 ◦C, (b) 550 ◦C, (c) 650 ◦C, (d) 750 ◦C, (e) 800 ◦C and (f) 850 ◦C. The
positions of the fundamental and superstructure peaks of chemically ordered
bulk FePt are indicated. Please note that an additional sample annealed to
800 ◦C for 30 s has been prepared for the structural investigation resulting in a
slight modification of the diffraction pattern in comparison with figure 5.1.
below), it is evident that especially after low annealing temperatures such as 550 ◦C,
grains without a (001) orientation have to be in a chemically disordered state con-
sidering that the integral magnetic property of the FePt film is soft magnetic. Thus,
FePt films after low annealing temperatures consist of a mixture of (i) chemically
ordered and (001) textured grains and (ii) chemically disordered grains which most
likely have polycrystalline orientation. Increasing the annealing temperature leads to
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Figure 5.10: Temperature dependence of (a) the integral intensity of the (001) and (002)
diffraction peaks and (b) the chemical long range order parameter. Note that
due to the absence of the (001) and (002) reflection after RTA to 450 ◦C, no
chemical order parameter was determined. Dotted lines are a guide to the
eye.
a faster grain growth of (001) oriented grains and finally results in a highly ordered
and (001) textured film.
To understand the origin of the (001) texture formation, the c and a lattice pa-
rameters were extracted as discussed above. A distorted c/a ratio was determined
after low annealing temperatures (Fig. 5.11(a)) which relaxes towards the bulk value
when the annealing temperature was exceeding 800 ◦C. This behavior of c/a with
respect to the annealing temperature suggests that tensile in-plane strain favors the
growth of (001) oriented grains.
Figure 5.11: Dependence of (a) the c/a ratio and (b) the perpendicular coherence length
on the annealing temperature. Note that the (001) diffraction peak was used
for the determination of LPerp.
53
5 Rapid thermal annealing of FePt
Figure 5.12: AFM and corresponding MFM images of 5 nm thicke FePt films after RTA
for 30 s to a temperature of (a) 450 ◦C, (b) 550 ◦C, (c) 650 ◦C, (d) 750 ◦C, (e)
800 ◦C and (f) 850 ◦C. All samples are in a demagnetized state.
A quantitative measure to evaluate the grain growth are both the lateral and per-
pendicular coherence lengths. While the lateral coherence length was not determined
due to the insufficient intensity of the reflections, the perpendicular coherence length
could be determined down to temperatures of 550 ◦C (Fig. 5.11(b)). LPerp is cor-
related with the nominal film thickness of 5 nm up to an annealing temperature of
750 ◦C. Higher temperatures result in a rapid increase of LPerp towards 22.5 nm for
Ta = 850
◦C which is in agreement with the observed topography variations studied
by AFM (Fig. 5.12).
AFM studies reaveal that an annealing temperature of 450 ◦C results in continuous
films with low RMS roughness of (0.22± 0.12) nm. Higher annealing temperatures
lead to a systematic increase in RMS roughness to (3.0± 0.4) nm for Ta = 800 ◦C. In
addition, for this annealing temperature the dewetting process of the FePt film into
isolated islands is completed which agrees well with the rapid increase in LPerp. A
careful look at the topography further reveals that the onset of this dewetting process
occurs at temperatures of 650 ◦C, since first cracks in the film can be observed (Fig.
5.12 (c). The variation of the magnetic contrast in the MFM images suggest the
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evolution of perpendicular magnetic anisotropy after Ta = 650
◦C which finally leads
to mostly single-domain islands with pronounced magnetic contrast in the dewetted
FePt films. Note that some of the larger islands exhibit a multi-domain state which
can be switched by the magnetic stray field of the tip (frequently observed in Fig. 5.12
(f)). This is an indication, that the indivdual islands are highly exchange coupled
and free of defects. Consequently, the domain-walls can easlily propagate through
the FePt island and no pinning of a domain wall is observed.
Figure 5.13: M-H loops of 5 nm thick FePt films after RTA for 30 s to (a) 450 ◦C, (b)
550 ◦C, (c) 650 ◦C, (d) 750 ◦C, (e) 800 ◦C and (f) 850 ◦C. The magnetic field
was applied perpendicular and parallel to the substrate plane.
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Figure 5.14: (a) MR/MS and (b) the coercivity of 5 nm thick FePt films after RTA for 30 s
to different temperatures extracted from perpendicular hysteresis loops. The
dotted line serves as a guide to the eye.
SQUID magnetometry is in good agreement with the observations discussed above
(Fig. 5.13). An easy-axis of the magnetization in the film plane is observed after
an annealing temperature of 450 ◦C. The anisotropy field is comparable with the as
grown FePt film (Fig.5.6(a)) and implies that the sample is the chemically disordered
A1 phase. In agreement with the evolution of the integral intensities of the (001)
and (002) reflections, the M-H loop starts to open after the sample was annealed
to 550 ◦C. Higher temperature treatements result in the formation of a pronounced
perpendicular magnetic anisotopy leading to a ratio of MS/MR close to unity (Fig.
5.14 (a)). Furthermore, the coercivtiy systematically increases with annealing tem-
perature and is approaching a value of HC = (41± 3) kOe for the sample annealed
to Ta = 850
◦C (Fig. 5.14 (b)). This increase in coercivity is the result of both the
overall increase in chemical order as well as the dewetting behavior which effectively
prevents a magnetic reversal via nucleation and propagation of a domain wall.
The evolution of the effective anisotropy with Ta is shown in figure 5.15(a)) . Note
that the method of determining the area enclosed by the easy-axis and hard-axis was
used when the films could be saturated (Ta ≤ 650 ◦C), whereas Keff was determined
by extrapolation of the hard-axis and easy axis loop to their intersection and by
using the expression Keff =
1
2
MSHa which results in substantially larger error bars.
Nevertheless, a clear increase of the effective anisotropy constant with annealing
temperature can be observed. The anisotropy seems to reach a maximum using an
annealing temperature of Ta = 800
◦C which is in agreement with TTT-diagrams
(Fig. 2.4). However, the large error bars make a precise conclusion impossible.
The dependence of the saturation magnetization on the annealing temperature
(Fig. 5.15(b)) can be interpreted in a similar manner as discussed in chapter 5.1.
While MS ≈ 800 emu/cm3 for annealing temperatures Ta ≤ 550 ◦C, a value of MS ≈
980 emu/cm3 was determined after RTA higher temperatures. Ergo, temperatures
exceeding 550 ◦C are required for an effective annihiliation of defects and removal of
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Figure 5.15: (a) Keff and (b) MS of 5 nm thick FePt films after RTA for 30 s to different
temperatures. Note that the effective anisotropy constant could only be de-
termined by extrapolation of the in-plane hysteresis loop to the intersection
with the out-of-plane loop for annealing temperatures > 750 ◦C which results
in a substantial error.
impurities during the RTA process following the proposed mechanism for the increase
of MS.
5.3 Film thickness
The influence of the film thickness completes the study on the properties of binary
FePt after RTA on planar substrates. While maintaining a constant annealing time
and annealing temperature of 30 s and 800 ◦C, respectively, the film thickness was
varied between 3 nm and 20 nm.
The θ− 2θ diffraction patterns of the samples after RTA reveal pronounced funda-
mental and superstructure reflections for all thicknesses (Fig. 5.16). The position of
the (001) and (002) reflections gradually shifts towards higher angles when the film
thickness increases and ergo, a change in the c lattice parameter from 3.77 A˚ for the
sample with a thickness of 3 nm towards 3.68 A˚ for the sample with a thickness of
20 nm was extracted. In addition to the reflections according to the (001) texture,
peaks corresponding to the (110), (111) as well as the (200) orientation become visible
with increasing thickness indicating a reduction of the quality of the (001) texture.
Although only pole figures can give precise information about the crystallographic
texture, a qualitative analysis can be performed according to the evolution of the
integral intensity of the diffraction peaks. The integral intensity of the (002) and
(111) reflection is plotted with respect to the film thickness in figure 5.16 (a). While
a continuous decrease of the intensity of the (002) diffraction peak is observed, the
intensity of the (111) reflection is continuously increasing with increasing thickness of
the FePt film. As higher intensities are expected for thicker films, this peculiar result
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Figure 5.16: X-ray θ−2θ diffraction patterns of (a) 3 nm, (b) 5 nm, (c) 9 nm and (d) 20 nm
thick FePt films after RTA to 800 ◦C for 30 s.
can be explained in terms of a variation in texture. For this reason, a degradation of
the (001) texture with film thickness seems likely.
Neglecting the Debye-Waller correction, the ordering parameter S was determined
from the intensity ratio of the (001) and (002) reflections (Fig. 5.16 (b)). An increase
in S from 0.7±0.1 towards values close to unity is observed when the film thickness is
increased from 3 nm to 7 nm. Several arguments regarding the reduction of chemical
order towards thinner FePt films have been discussed in literature. For instance, cal-
culations of time-temperature-transformation diagrams have revealed that reducing
the film thickness leads to substantially longer annealing times required to achieve
the same degree of chemical ordering [Ber06]. Furthermore, also both the experi-
mentally and theoretically reported Pt segregation to the surface [Han09, Che10] as
well as the formation of additional types of chemical order which are energetically
more favorable than the L10 phase for small FePt cluster sizes [Gru08] have to be
considered as possible factors reducing the L10 chemical order of films with a thick-
ness below 5 nm. Accordingly, the structural data suggests that there is an optimum
film thickness to achieve the highest perpendicular magnetic anisotropy for a fixed
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Figure 5.17: The thickness dependence of (a) the integral intensity of the (002) and (111)
diffraction peaks and (b) the chemical long range order parameter S of FePt
films after RTA to 800 ◦C for 30 s. The dotted line is a guide to the eye.
annealing time and temperature due to the competing mechanisms of enhanced (001)
texture formation and reduced chemical order with decreasing film thickness.
To complete the discussion on the structural properties, the perpendicular coher-
ence length was evaluated depending on the film thickness (Fig. 5.18 (a)). While
LPerp is larger than the nominal film thickness for thinner films which is an indication
of a dewetting process, it correlates with the nominal film thickness when a thickness
of 20 nm is reached. The ratio of LPerp/thickness can be used to estimate the degree
of dewetting and is plotted in figure 5.18 (b) depending on the film thickness. It
indicates that the dewetting process is most pronounced when the film thickness is
equal to 5 nm and only little dewetting is expected for a 20 nm thick film, since the
Figure 5.18: The thickness dependence of (a) perpendicular coherence length determined
from the (001) reflection and (b) the ratio between LPerp and the nominal
FePt thickness. The annealing temperature and annealing time were 800 ◦C
and 30 s, respectively.
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Figure 5.19: AFM and corresponding MFM images of (a) 3 nm, (b) 5 nm, (c) 9 nm and (d)
20 nm thick FePt films after RTA to 800 ◦C for 30 s. The samples are in a
demagnetized state.
ratio LPerp/thickness approaches unity.
This conclusion is confirmed by AFM investigations (Fig. 5.19). RTA of the 5 nm
thick film is leading to well separated FePt islands with a lateral size of about 80 nm,
whereas the islands seem to be more interconnected for the 3 nm thick FePt film.
Increasing the film thickness leads to larger island sizes until a thickness of 20 nm is
reached where the morphology of the FePt films has changed from particulate to an
assembly of closely connected FePt crystallites.
Strong magnetic contrast is visible for all samples independent on the film thick-
nesses. The smallest average magnetic domain size was observed in the 3 nm thick
films which is closely related to the smallest island size. However, the domain size
is not continuously increasing with thickness, but saturates at roughly 100 nm and
multidomain islands are formed if the island size is larger (Fig. 5.19 (c)). In addition,
the evolution of the magnetic contrast with the film thickness seems to be in line with
the degradation of the (001) texture towards thicker films, since intermediate values
of the magnetic contrast are observed for an FePt thickness of 20 nm. However, to
accurately evaluate the magnetic anisotropy, SQUID magnetometry was used.
M-H loops of FePt films with different thicknesses after RTA are shown in Fig.
5.20. Pronounced perpendicular magnetic anisotropy with an anisotropy field of
Ha ≈ 40 kOe and MR/MS = 0.87 is observed for a film thickness of 3 nm. Note
that this anisotropy field allows a complete saturation even along the magnetically
hard-axis, indicating only partial chemical order. Consistent with the observed in-
crease in chemical ordering towards increasing thickness, fields of 70 kOe are no longer
sufficient to fully saturate the thicker samples along their hard-axis. A maximum
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Figure 5.20: Magnetic hysteresis curves of (a) 3 nm, (b) 5 nm, (c) 9 nm and (d) 20 nm
thick FePt films after RTA to 800 ◦C for 30 s. The magnetic field was applied
parallel and perpendicular to the sample plane. Note that the subtraction of
the paramagnetic background of the 20 nm thick FePt sample was performed
according to its mass and not by determining the slope of the loop at high
fields.
perpendicular magnetic anisotropy is reached for a film thickness of 5 nm. While
full remance is observed for the samples with thicknesses up to 9 nm, the situation
changes when a thickness of 20 nm is reached. Since on the one hand a degradation of
the (001) texture and on the other hand a high degree of chemical order is expected,
the subtraction of the magnetic background cannot be performed by assuming full
saturation along the perpendicular direction, but according to the sample mass (see
discussion in chapter 3.7.1). Although substantial errors in this type of background
subtraction can occur (in particular when the field is applied perpendicular to the
sample plane), the obtained magnetic hysteresis loops are consistent with the diffrac-
tion experiments, suggesting the existence of FePt crystallites with their hard axis
aligned perpendicularly to the sample plane.
The evaluation of the saturation magnetization further confirms this observation,
since a value of MS close to bulk FePt was determined using the magnetic moment
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Figure 5.21: Dependence of (a) the coercivity and (b) the saturation magnetization on the
thickness of FePt films after RTA 800 ◦C for 30 s. The dotted lines are a guide
to the eye and the bulk value of MS is given for comparison.
measured at an applied field of 70 kOe perpendicular to the substrate plane (Fig.
5.21 (b)).
Concerning the coercivity, a pronounced maximum is observed for a film thickness
of 5 nm (Fig. 5.21 (a)). While for thinner films the reduced chemical ordering leads
to the reduction of HC, the change in morphology towards larger and connected
crystallites is the key factor for its reduction in thicker films.
In contrast to the behavior of the coercivity, the saturation magnetization does
not exhibit a maximum, but a systematic increase from MS = 750 emu/cm
3 for the
sample with a thickness of 3 nm towards values close to bulk FePt when the thickness
is increased. This is an indication of oxidation and the formation of a magnetically
dead layer which become dominant for thinner films, but have minor influence when
the film thickness exceeds 9 nm.
5.4 Summary
The influence of the annealing time, annealing temperature and film thickness on the
structural and magnetic properties of thin FePt films grown on thermally oxidized
Si substrates upon RTA was studied. A complex interplay between the chemcial
ordering, texture formation as well as variations in the sample topography were re-
vealed and their influence on the magnetic properties was discussed. The following
conclusions can be drawn:
First, the onset of the chemical ordering occurs at about 550 ◦C for an annealing
time of 30 s and a film thickness of 5nm. The chemical ordering seems to proceed by
the nucleation and growth of (001) oriented chemically ordered grains. Determina-
tion of the c/a ratio confirms tensile in-plane strain which can be considered as the
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dominant influence on the preferential growth of grains with (001) texture and L10
order.
Second, a film thickness of around 5 nm to 10 nm seems to be the optimum thick-
ness for the formation of a high degree of perpendicular magnetic anisotropy in the
parameter space under investigation. Lower thicknesses result in a reduction of chem-
ical order and larger film thicknesses in the degradation of the (001) texture.
Third, the required annealing conditions to achieve a high degree of chemical order
result in the formation of isolated FePt islands due to a dewetting behavior which
leads to large coercivities exceeding 40 kOe.
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FePt/Cu bilayers
6.1 General considerations
Due to the good miscibility of FePt with Cu and the high moblility of Cu atoms,
annealing of FePt/Cu bilayers can be used to form ternary FePtCu alloys (Fig.
6.1). FePt(5 nm - x) / Cu(x) bilayers have been deposited by magnetron sputtering
at room temperature on thermally oxidized Si(100) substrates in a HV sputtering
chamber (base pressure ≤ 2× 10−6mbar) using Ar sputter gas with a pressure of
3.5× 10−3mbar. While a constant composition of the iron-platinum alloy of Fe51Pt49
was maintained by adjusting the sputtering power of Fe and Pt during co-deposition,
the Cu content of the ternary alloy was adjusted by varying the Cu thickness x from
0 nm to 1.2 nm. Note that the overall thickness of the layer-stack was kept constant.
These as grown bilayers were then transferred to the separate RTA chamber and
annealed for 30 s to temperatures of 500 ◦C, 600 ◦C, 700 ◦C and 800 ◦C under N2
atmosphere.
To ensure the chemical composition of the resulting alloy, RBS was performed on
the as grown films and the analysis of the spectra revealed chemical compositions
of Fe51Pt49, Fe49Pt47Cu4, Fe47Pt44Cu9, Fe44Pt41Cu15 and Fe41Pt38Cu21 assuming a
complete intermixing of FePt and Cu driven by the RTA process.
Figure 6.1: Schematic drawing of the layer stack: (a) initial bilayer of FePt(5 nm - x)
/ Cu(x) after magnetron sputtering on thermally oxidized Si wafers and (b)
resulting ternary FePtCu alloy after RTA. Note that x was varied between
0 nm ≤ x ≤ 1.2 nm resulting in different composition of the ternary FePtCu
alloy.
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Figure 6.2: AES depth profile of a reference sample of FePt(13.5 nm) / Cu(1.5 nm) in (a)
the as grown state and (b) after RTA for 30 s to 600 ◦C.
As this assumption is only valid for bulk alloys in their thermodynamic equlibrium
(see chapter 2.1.4), substantial differences can occur in the FePtCu films under in-
vestigation due to their small thickness and very short annealing times. Accordingly,
AES was used to study the elemental depth profile of a reference sample consisting
of FePt(13.5 nm) / Cu(1.5 nm). In the as grown state (Fig. 6.2(a)) a clear Cu peak
is visible after a sputtering time of around 350 s. This Cu peak vanishes after anneal-
ing and a roughly constant Cu composition was measured throughout the FePtCu
layer (Fig. 6.2(b)). In addition, the depth profiles of Fe and Pt show no significant
variation between the as grown sample and after RTA indicating that no demixing
or surface segregation occurs within these short annealing times. Note that matrix
effects and preferential sputtering are altering the elemental composition of the sur-
face and no reliable absolute values of the composition can be extracted, but only the
relative variations in composition after reaching the equilibrium sputter conditions
are reliable. On these samples, about 1 nm to 5 nm of the alloy have to be removed to
reach these equilibrium conditions. Although this measurement technique is not sen-
sitive to lateral variations in composition, it strongly indicates that the assumption
of complete intermixing and ternary alloy formation is indeed valid.
The influence of the Cu content on the saturation magnetization of the films pro-
cessed by RTA also gives a further indication on the alloy formation. Alloying of
Cu with FePt leads to a decrease in exchange interaction between the Fe atoms as
well as to a reduction of the average magnetic moment per atom [Ike08]. This re-
sults in a reduction of MS while a segregation of Cu into the grain boundaries or
to the surface as well as any Cu cluster formation would suppress this effect. In
figure 6.3, MS (normalized to the volume of the FePt/Cu bilayer) after different RTA
processes is plotted with respect to the Cu content. The reduction observed in the
as grown samples is in qualitative agreement with the behavior expected due to the
decreasing thickness of FePt in the FePt/Cu bilayer (dotted line represents the sat-
uration magnetization calculated using MS = 1140 emu/cm
3 of bulk FePt together
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Figure 6.3: Saturation magnetization MS of FePtCu films with different Cu content an-
nealed for 30 s to various temperatures. Note that the moment was normalized
to the volume of the full layer stack. For comparison, the reduction of MS
(bulk value of FePt) with increasing Cu content expected from to the reduced
FePt content is given.
with the experimentally determined thicknesses of the FePt and Cu layers), although
the absolute value of MS is lower than the bulk value. For all annealed FePt films
this decrease in MS is stronger than expected only from the reduction of the FePt
thickness. Hence, intermixing of Cu with FePt seems likely and is supporting the
AES data. For this reason, only the Cu content and the annealing temperature will
be used for sample identification in the discussion below.
6.2 Structural properties
The structural properties of the FePtCu films have been investigated by conventional
x-ray diffraction using the Cu Kα irradiation available in our laboratory equipment
and synchrotron radiation with an energy of 18 keV. In addition, anomalous x-ray
scattering with energies close to the Fe K-edge and the Pt LIII edge as well as plan-
view TEM was performed.
Figure 6.4 gives an overview of the diffraction patterns originating from FePt/Cu
films with different Cu contents annealed for 30 s to various temperatures. In the
as grown state, neither diffraction peaks originating from FePt nor peaks from Cu
are visible. However, after annealing to 500 ◦C peaks corresponding to the (001) and
(002) reflection of FePtCu appear and the intensity of these peaks is systematically
increasing towards higher annealing temperatures. The integral intensity of the peaks
reaches a maximum after annealing to 800 ◦C for a Cu content of zero. Considering
the reduced atomic scattering factor of Cu alloyed films, the reduction of the integral
intensity towards higher Cu contents after RTA to 800 ◦C is in agreement with our
expectations. However, this maximum of the integral intensity shifts towards FePtCu
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Figure 6.4: X-ray diffraction patterns of FePtCu films with a Cu content of 0 at.%, 9 at.%
and 21 at.% in (a) the as grown state and (b) - (d) after RTA to 500 ◦C, 600 ◦C
and 800 ◦C, respectively. A background subtraction of the contribution coming
from the substrate as well as a Rachinger correction [Rac48] eliminating the
Cu Kα2 radiation was performed. The position of the (001), (110), (111) and
(002) reflections of bulk FePt are indicated. Please note the different scale in
the ordinate of panel (d). Additional Si substrate peaks are visible for a Cu
content of 21 at.% in panel (a) and (d).
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Figure 6.5: Pole figures of two FePt(4.7 nm)/Cu(0.3 nm) bilayers on thermally oxidized Si
substrates annealed to (a) 600 ◦C and (b) 800 ◦C, respectively. The pole figures
have been obtained for the 001 and 111 poles.
films with higher Cu content when the annealing temperature is decreased which
indicates an enhanced transformation process leading to a larger volume fraction of
chemically ordered grains with (001) texture overcompensating the reduction of the
atomic scattering factors.
The quality of the (001) texture was verified by using pole figures of two additional
samples prepared by RTA of FePt/Cu bilayers to 600 ◦C and 800 ◦C with nominal
FePt and Cu thicknesses of 4.7 nm and 0.3 nm (Fig. 6.5). Pronounced (001) texture
was observed after RTA to both temperatures, but the (001) texture is more pro-
nounced after annealing to 800 ◦C as the FWHM of central peak of the (001) pole
changes from 5.5◦ to 3.5◦ when Ta is increased from 600 ◦C to 800 ◦C.
Furthermore, the alloying of FePt with Cu is affecting the position of the reflections
and a shift towards higher angles is observed for all annealing temperatures when the
Cu content is increased. Hence, the c-axis lattice constant of the FePtCu alloy is
contracting as a result of the Cu addition.
To study the influence of Cu in detail, measurements of the (00l) fundamental and
superstructure reflections up to the 6th order and their corresponding rocking curves
as well as of the (0-22) and (1-11) reflections have been performed after RTA to 600 ◦C
and 800 ◦C. An example of the measurements of the (001) and (002) reflections after
RTA to 600 ◦C is given in figure 6.6 and the shift of the peak maximum with increasing
Cu content is clearly visible and allows the determination of the c-axis parameter.
Additionally, the measurements of d0−22 and d1−11 made the determination of the
a-axis lattice constant possible and both the a- and c-axis lattice constants as well
as their ratio are plotted in figure 6.7 for the two annealing temperatures under
investigation. A comparable dependency on the Cu content is observed for both
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Figure 6.6: θ−2θ diffraction patterns of (a) the (001) reflection and (b) the (002) reflection
of FePt/Cu films after RTA for 30 s to 600 ◦C using synchrotron radiation with
a wavelength of 0.6888 A˚.
temperatures. While after an annealing temperature of 600 ◦C a slight increase of
the a lattice parameter from 3.90 A˚ up to 3.95 A˚ and a pronounced decrease of the c
lattice parameter from 3.72 A˚ down to 3.55 A˚ is observed with increasing Cu content,
a similar but slightly reduced variation of the lattice parameter is observed after RTA
Figure 6.7: c and a lattice constants (top) as well as the c/a ratio (bottom) of FePt/Cu
films after RTA for 30 s to (a) 600 ◦C and (b) 800 ◦C.
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Figure 6.8: Graphic determination of the chemical long range order parameter in iron-
platinum-copper films with a composition of (a) Fe47Pt44Cu9 and (b)
Fe41Pt38Cu21 after RTA for 30 s at 800
◦C. The intersection regime of the
ellipses is indicated by red circles and the allowed values of Si according to the
atomic composition are within the grey shaded area.
to 800 ◦C. This reduction is an indication for strain relaxation processes occuring at
higher annealing temperatures as discussed in the previous chapter. Furthermore,
the enhancement in tetragonal distortion towards higher Cu content will probably
affect the texture formation and an improvement in the evolution of the (001) texture
due to larger lattice distortions seems possible. This assumption is in agreement with
the observation that the (001) and (002) reflections after RTA to 500 ◦C only occur
after the alloying with Cu.
However, concerning the specific influence of Cu on the phase transformation, this
study cannot give a further insight into a vivid debate in literature. While Takahashi
et al. and Maeda et al. claimed that the ordering temperature of FePt can be reduced
by the addition of Cu due to the faster diffusivity [Tak02] or to the increase in driving
force [Mae02], Barmak et al. and Berry et al. have performed differential scanning
calorimetry studies and found that adding Cu is no more beneficial in lowering the
ordering temperature than adding Fe [Bar04, Ber05]. In this regard, the present
study has to be extended to Fe rich iron-platinum alloys for a direct comparison
with the ternary FePtCu alloys to be able to discuss the difference between Cu or Fe
addition in both the chemical ordering and texture formation.
For the binary FePt alloys, an ordering parameter of S = 0.79 ± 0.01 and
S = 0.70± 0.02 was extracted by using the expression 3.13 for an annealing temper-
ature of 800 ◦C and 600 ◦C, respectively. To determine the chemcial order parameter
of the ternary FePtcu alloys, anomalous x-ray scattering was performed for FePtCu
films with a Cu content of 9 at.% and 21 at.% after RTA to 800 ◦C and the analysis
was done according to the formalism discussed in section 3.4.1.5. A zoom into the
intersection zone of the corresponding ellipses determined for different energies close
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Figure 6.9: Mean atomic displacement μF(S) on the lattice (superlattice) after RTA for 30 s
to (a) 600 ◦C and (b) 800 ◦C. No value of μS for a Cu content of 0 at.% and
21 at.% could be determined after RTA to 600 ◦C due to a strong overlap with
the Si substrate peaks. Please note the different scale.
to the absorption edges of Fe (7.112 keV), Cu (8.979 keV) and Pt (11.564 keV) is
shown in figure 6.8. From the intersection zone of the ellipses the chemical order
parameters SFe = 0.66, SPt = −0.88 and SCu = 0.22 and SFe = 0.41, SPt = −0.83
and SCu = 0.42 can be extracted for the samples with a nominal Cu content of 9 at.%
and 21 at.%, respectively. Note that these values are out of the range of chemical
order parameters limited by the composition determined by RBS (grey shaded areas
in figure 6.8 indicate the allowed values of Si). According to the anomalous x-ray
scattering, compositions of Fe45Pt44Cu11 and Fe38Pt41Cu21 are expected instead of
Fe47Pt44Cu9 and Fe41Pt38Cu21. However, concerning the errors of the RBS mea-
surements due to the limited thicknesses of the FePtCu as well as the rather broad
intersection regime (indicated by red circles in figure 6.8), both measurements are in
agreement and the following conclusions concerning the positions of the Cu, Fe and
Pt atoms can be drawn. The ordering parameters of Pt and Cu are close to the limit
given by the composition which means that all Pt atoms are placed on the β-sites
and all Cu atoms on the α-sites. The Fe atoms occupy the remaining lattice sites
and the probability that a Fe atom is occupying an α-site decreases from 89% for a
Cu content of 0 at.% to 87% and 77% when the Cu content is increased to 9 at.%
and 21 at.%, respectively. In conclusion, anomalous x-ray scattering has revealed the
positions of the different elements in the lattice. The Cu and Fe atoms do behave
differently and while all Cu atoms are located on the α-sites, the ordering of the
Fe atoms decreases with increasing Cu content and a reduction of the perpendicular
magnetic anisotropy is expected.
Additionally, the mean atomic displacements were calculated from the experimen-
tally determined Debye-Waller factors (Fig. 6.9). While the mean atomic displace-
ment in the lattice is in agreement with the values determined for epitaxially grown
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Figure 6.10: Plan-view bright field TEM images of FePtCu films with a Cu content of (a)
0 at.%, (b) 9 at.% and (c) 21 at.%. Panels (d) - (e) are showing the electron
diffraction patterns of these films. Rings corresponding to polycrystalline,
chemically disordered grains have yellow indices while rings corresponding to
ordered and (001) textured grains are indexed in red.
films (μ = 0.136 A˚ [Thi98]), the values corresponding to the superlattice are larger.
This can be attributed to the partial overlap of the (003) reflection of FePt with the
(004) reflection of Si probably resulting in a systematic overestimation of μS. Small
variations of μF with increasing Cu content are visible for both annealing tempera-
tures, but no trends can be extracted due to the large error bars.
Beside the structural characterization using x-ray techniques, TEM was used to
further analyze the samples annealed to 600 ◦C (Fig. 6.10). The plan-view bright field
image of the binary FePt alloy reveals the existance of large crystallites (≈ 50 nm)
surrounded by much smaller crystallites (≈ 10 nm). The corresponding electron
diffraction image indicates the coexistance of chemically ordered grains with (001)
texture and chemically disordered grains without texture (Fig. 6.10 (d)). It seems
likely that the larger grains exhibit the (001) texture, whereas the smaller grains are
in a polycrystalline state. This assumption is further supported by dark field images
(not shown). FePtCu layers with a higher Cu content neither reveal small crystal-
lites nor diffraction rings corresponding to polycrystalline and chemically disordered
grains. Only diffraction rings corresponding to both (001) textured and L10 ordered
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crystallites do exist. This finding agrees well with the observed reduction of the inte-
gral intensity of both the fundamental and superstructure peaks of the binary alloy
compared with the ternary alloys, as observed by x-ray diffraction (Fig. 6.6). Thus,
the addition of Cu promotes the phase transformation, (001) texture formation and
leads to a faster grain growth.
In addition, brighter areas are visible in the sample with the highest Cu content of
21 at.%, dominantely situated at the boundaries between three or more crystallites.
As lattice planes have been observed in some of these brighter areas, the formation of
voids can be excluded and segregation of Fe or Cu, light atoms, and their oxidation
could explain these brighter grains in agreement with the deviations observed in the
anomalous measurements. However, no segregation of Fe or Cu is expected from the
phase diagram and so far, a sound determination of the atomic composition of these
bright crystallites is still in progress.
6.3 Magnetic properties
The magnetic properties are in good agreement with the observed structural prop-
erties. Binary FePt films reveal a magnetically isotropic behavior after annealing
to 600 ◦C (Fig. 6.11(a)). This behavior is in agreement with the observed coex-
istance of chemically ordered grains with (001) texture and chemically disordered
grains leading to the competition of magnetocrystalline and shape anisotropy. The
addition of Cu accelerates the phase transformation and a pronounced magnetic
easy-axis perpendicular to the plane is observed for all FePtCu samples independent
on the Cu content (Fig. 6.11(b)-(d)). A maximum effective anisotropy constant of
Keff = (7± 1)Mergs/cm3 is reached for a Cu content of 9 at.% and a further addi-
tion of Cu does not further increase the anisotropy. Assuming a similar effect of Cu
on the ordering as observed using anomalous x-ray scattering after RTA to 800 ◦C,
this reduction in anisotropy is in good agreement with the lowering of the chemical
order parameter of Fe. In contrast to the anisotropy, the coercivity is systemati-
cally decreasing with increasing Cu content and no maximum is observed. It can be
speculated that pronounced domain wall pinning is occuring in the binary alloy over-
compensating the reduction in anisotropy and thus leading to the highest coercivity.
This is in agreement with the difference in grain size observed by TEM (Fig. 6.10),
but a more detailed investigation of the reversal behavior is required to confirm this
proposed increase in pinning sites.
Increasing the annealing temperature results in an increase in anisotropy as well as
a shift of the observed maximum towards lower Cu contents. After RTA to 800 ◦C,
a square hysteresis loop with a magnetic remanence of 0.92 ± 0.07 and a coercivity
of (8.5± 0.3) kOe is observed in perpendicular direction for the binary alloy and
the anisotropy reaches its maximum of Keff = (12± 2)Mergs/cm3 (Fig. 6.12(a)).
Increasing the Cu content results in the reduction of the coercivity and anisotropy
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Figure 6.11: M-H loops of FePtCu films with a Cu content of (a) 0 at.%, (b) 4 at.%, (c)
9 at.% and (d) 15 at.% after RTA to 600 ◦C. The magnetic field was applied
parallel and perpendicular to the sample plane.
(Fig. 6.12(b)-(d)). Consequently, an annealing temperature of 800 ◦C is sufficient
to complete the phase transformation even for the binary alloy and therefore the
addition of Cu only leads to a degradation of the magnetic properties.
A summary of both the dependence of the anisotropy as well as the dependence of
the coercivity on both the Cu content and annealing temperature is given in figure
6.13. While at the high annealing temperature of 800 ◦C, the addition of Cu only leads
to the discussed degradation of the magnetic properties, the beneficial influence of the
Cu addition becomes visible towards lower annealing temperatures. The maximum
value of the effective anisotropy constant after RTA to 700 ◦C is reached for a Cu
content of 4 at.%. Then this maximum gradually shifts towards higher Cu contents
when the annealing temperature is further reduced and finally, the maximum after
RTA to 500 ◦C is reached for a Cu content of 21 at.%. This behavior is in perfect
agreement with x-ray diffraction study where the (001) and (002) reflections are only
visible for the highest Cu contents when the annealing temperature was limited to
500 ◦C.
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Figure 6.12: Magnetic hysteresis loops of FePtCu films with a Cu content of (a) 0 at.%, (b)
4 at.%, (c) 9 at.% and (d) 15 at.% after RTA to 800 ◦C. The magnetic field
was applied parallel and perpendicular to the sample plane.
Figure 6.13: (a) Effective anisotropy constant of FePtCu films with different Cu content
annealed for 30 s to various temperatures and (b) corresponding values of the
coercivity in perpendicular direction.
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Figure 6.14: AFM and corresponding MFM image of FePtCu films with a Cu content of
(a) 0 at.%, (b) 4 at.%, (c) 9 at.% and (d) 15 at.% after RTA to 600 ◦C. All
samples are in a demagnetized state.
Beside the possibility to use cheap glass discs as a substrate for possible application
in data storage devices, especially the reduction of the chemical ordering tempera-
ture below the onset of the dewetting behavior has distinct advantages. After RTA to
600 ◦C a continuous film morphology with a RMS roughness below 0.9 nm is observed
for all Cu contents (Fig. 6.14). While a domain configuration typical for isotropic
magnetic behavior is observed for the binary alloy, pronounced dark and bright con-
trast indicating perpendicular magnetic anisotropy is visible in the MFM images of
the FePtCu alloys which is supported by the SQUID data (Fig. 6.12). The size of
the domains seems to increase with Cu content, but since an increasing amount of tip
induced switching events due to the discussed reduction of coercivity is observed, a
quantitative analysis of the domain size is not possible. Nevertheless, these switching
events are an indication of a high degree of exchange coupling and a small density of
defects serving as pinning sites.
Increasing the annealing temperature leads to a similar dewetting behavior as
discussed in the previous chapter. Interconnected islands are formed for all FePt and
FePtCu samples independent from the Cu contents (Fig. 6.15). Large islands with
sizes exceeding 100 nm are observed for the samples with Cu contents of up to 15 at.%
where a pronounced decrease in island size occurs. This decrease in the island size
correlates with a reduction of magnetic contrast within the FePtCu islands. Whereas
the reduction in magnetic contrast can be explained in terms of a reduction of the
coercivity resulting in an almost complete reversal of the magnetization induced by
the magnetic stray field of the tip, the origin of the decreasing island size remains
unclear.
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Figure 6.15: Topography and magnetic domain configuration of FePtCu films with a Cu
content of (a) 0 at.%, (b) 4 at.%, (c) 9 at.% and (d) 15 at.% after RTA to
800 ◦C. Some islands are marked for a better comparison between the to-
pography and the magnetic domain configuration (blue line). Note that all
samples are in a demagnetized state.
6.4 Exchange spring media
Exchange spring media consist of a magnetically hard layer coupled to two or more
layers with reduced magnetic anisotropy. The optimization of the material properties
allows to achieve storage media with high thermal stability and low coercive fields
[Sue05a, Sue05b, Sue09]. While FePtCu films have recently been used to create ex-
change spring media in combination with softer magnetic Co/Pt multilayers and the
effective reduction of the coercivtiy was successfully demonstrated [Mak10], especially
the formation of a material with graded anisotropy would allow a further reduction
of HC and has triggered intensive research activities [Sue07, Gol08, Tsa10, Kro10b].
In this study, the feasibility to create FePt based exchange spring media with
graded anisotropy utilizing the strong dependence of KU on the Cu content is inves-
tigated. [FePt(5 nm - x) / Cu(x)]×4 have been deposited by magnetron sputtering
using Ar as a sputter gas (Ar pressure 3.5× 10−3mbar). The Cu thicknesses in the
three different samples under discussion are x = 0.3 nm, 0.6 nm, 1.2 nm and 1.2 nm,
x = 8nm and x = 1.2 nm, 1.2 nm, 0.7 nm and 0.3 nm (Fig. 6.16). RTA treatment
is expected to result in the formation FePtCu films with a graded Cu content and
therefore with graded anisotropy. The Cu thicknesses have been adjusted to create
a trilayer system with the high anisotropy material on top (hard-intermediate-soft:
Fig. 6.16 (a)), without a magnetic anisotropy gradient (homogeneous: Fig. 6.16 (b))
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Figure 6.16: Schematic view of the as grown layer stacks: (a) [FePt(5 nm - x) / Cu(x)]×4
with x = 0.3 nm, 0.6 nm, 1.2 nm and 1.2 nm varied from top to bottom, (b)
[FePt(4.2 nm) / Cu(0.8 nm)]×4 and (c) [FePt(5 nm - x) / Cu(x)]×4 with x =
1.2 nm, 1.2 nm, 0.7 nm and 0.3 nm varied from top to bottom.
or with the high anisotropy material at the bottom (soft-intermediate-hard: Fig. 6.16
(c)).
After a RTA process to 650 ◦C for 30 s, a phase transformation of the [FePt/Cu]×4
multilayers into a chemically ordered ternary alloy is observed. The hard-
intermediate-soft layer stack exhibits pronounced perpendicular magnetic anisotropy
and a square hysteresis loop with a reduced magnetic remanence of 0.9 and a co-
ercivity of 4.6 kOe is observed in perpendicular direction (Fig. 6.17(a)). The cor-
responding x-ray diffraction pattern indicates the expected (001) texture and high
degree of chemical order. A perpendicular coherence length of LPerp = (19± 1) nm
was extracted from the (001) reflection which corresponds reasonably well with the
film thickness indicating that the individual FePtCu grains extend throughout the
complete layer thickness. A c lattice parameter of (3.60± 0.01) A˚ was extracted from
the position of the (001) reflection which corresponds to a Cu content of 12 at.% when
comparing with 5 nm thick FePt/Cu bilayers annealed to 600 ◦C (Fig. 6.7 (a)). This
Cu content is lower than 19 at.% expected from the average nominal composition
indicating the likely variation of in-plane strains or a Cu segregation.
Varying the Cu gradient to the isotropic case and further to the soft-intermediate-
hard layer stack results in a reduction of the magnetic anisotropy and a reduction
of the integral intensities of the (001) and (002) reflections (Fig. 6.17 (b) and (c)).
Interestingly, both the anisotropy fields and the coercivity as well as the peak posi-
tions and perpendicular coherence length stay constant. For this reason, it can be
concluded that in all three layer stacks, FePtCu grains with comparable Cu content
and magnetic anisotropy are formed. However, either the degree of (001) texture or
the volume fraction of L10 ordered grains has to decrease when the inital Cu gradient
changes from Cu-rich underlayers to Cu-poor underlayers.
In this regard, plan-view and cross-sectional TEM investigation are necessary to
give a further insight into the grain structure to explore the origin of this degradation
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Figure 6.17: SQUID hysteresis loops (left) and corresponding x-ray θ− 2θ diffraction pat-
terns using the Cu Kα wavelength (right) of (a) the hard-intermediate-soft,
(b) homogeneous and (c) soft-intermediate-hard multilayer stacks after RTA
to 650 ◦C for 30 s. The magnetic field was applied perpendicular and parallel
to the sample surface.
of the magnetic properties which remains unclear. It can only be speculated that the
opposite directions of the Cu diffusion or a different resistance to oxidation play a
significant role.
To study the influence of the Cu diffusion in detail and to verify the evolution of
a Cu gradient in the layer stack, TOF-SIMS was performed. Beside the influence of
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Figure 6.18: Elemetal depth profile obtained by TOF-SIMS of (a) the hard-intermediate-
soft, (b) homogeneous and (c) soft-intermediate-hard FePt/Cu mutlilayer
stack after RTA to 650 ◦C for 30 s. The sputtering times where equilibrium
sputter conditions within the FePtCu layers have been reached are indicated.
matrix-effects and preferential sputtering, no variation of the Cu content with sput-
tering time was observed in any layer-stack (Fig. 6.18 (a)-(c)) indicating a complete
interdiffusion and the formation of a homogenious ternary alloy without a Cu gradi-
ent. However, since the lateral resolution is not sufficient, it cannot be distinguished
between the composition in the grains and grain boundaries. Ergo, a fast Cu dif-
fusion along the grain boundaries without the formation of a homogeneous ternary
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alloy cannot be excluded but seems unlikely regarding the good miscibility of Cu
with FePt.
6.5 Summary
RTA of FePt/Cu bilayers was used to form ternary alloys with perpendicular magnetic
anisotropy on thermally oxidized Si substrates. Both the perpendicular magnetic
anisotropy as well as the coercivity can be adjusted in a broad regime. While the
highest magnetic anisotropies were achieved for equiatomic FePt annealed to 800 ◦C,
the addition of Cu is increasing the perpendicular magnetic anisotropy when the
annealing temperature is limited to Ta ≤ 700 ◦C. For each annealing temperature,
the optimum Cu content maximizing the anisotropy was determined. This optimum
shifts to larger Cu contents when decreasing Ta. Especially for Ta ≤ 600 ◦C, the
beneficial influence of Cu alloying becomes evident, since the formation of continuous
FePtCu layers with large perpendicular magnetic anisotropy is feasible making them
good candidates for nanostructuring using direct patterning techniques such as e-
beam lithography or nanoimprint lithography.
The relatively simple method to tailor the magnetic anisotropy by adjusting the Cu
content was exploited to create exchange spring media based on RTA of [FePt/Cu]×4
multilayers. However, probing the Cu content indicates that no Cu gradient is present
in the annealed layer-stack and therefore, no thickness variation of the anisotropy is
expected making this approach not suitable for the fabrication of exchange spring
media.
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Although regular arrays of FePt are considered to be one of the most promising
candidates for future BPM applications, the challenges involved with the formation
of both chemical ordered and (001) textured nanostructures are a severe limitation
in reaching ultrahigh pattern density. In the following chapter several approaches to
create arrays of FePt nanostructures based on RTA will be presented.
7.1 Dewetting phenomena
As shown in chapter 5, RTA of thin FePt films deposited on thermally oxidized Si sub-
strates to temperatures around 800 ◦C typically results in the formation of individual
FePt grains with a high degree of perpendicular magnetic anisotropy. Understanding
Figure 7.1: SEM images of 5 nm FePt on thermally oxidized Si substrates after RTA for
30 s to (a) 650 ◦C, (b) 700 ◦C, (a) 750 ◦C and (d) 850 ◦C.
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Figure 7.2: SEM images of 5 nm FePt deposited onto thermally oxidized Si substrates after
RTA to 800 ◦C for(a) 5 s, (b) 30 s, (c) 150 s and (d) 600 s.
the principle dependence of this dewetting phenomena on film properties as well as
annealing parameters is essential for its implementation in nanopatterning and some
fundamental results focussing on the dewetting behavior will be revisited.
FePt films with a thickness of 5 nm have been annealed to various temperatures
between 450 ◦C and 850 ◦C for 30 s. After annealing to 650 ◦C, first voids appear in
the initially continuous films (Fig. 7.1(a)). These voids expand when the annealing
temperature is increased and ultimately isolated FePt islands are formed when the
annealing temperature exceeds Ta = 750
◦C (Fig. 7.1(b)-(d)) .
Keeping the annealing temperature constant at 800 ◦C, the influence of the an-
nealing time on the morphology of FePt films with a thickness of 5 nm was studied
for 5 s ≤ ta ≤ 600 s. After an annealing time of 5 s, large voids are observable (Fig.
7.2(a)). Increasing the annealing time to 30 s is leading to separated FePt islands.
Their lateral size decreases towards longer annealing times (see Fig. 7.2(b),(c)).
Please note that small cracks in the SiO2 layer are also visible when the annealing
time exceeds 150 s which presumably occur due to the different thermal expansion
coefficients of Si and SiO2. As a consequence, the irregular shape of the islands ob-
served after RTA to 600 s (Fig. 7.2(d)) can probably be not only attributed to the
long annealing time, but also to a silicide reaction occuring by Si diffusion through
the cracks in the SiO2 layer into the FePt nanostructures.
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Figure 7.3: Morphology of (a) 9 nm, (b) 7 nm, (c) 5 nm, (d) 3 nm and (e) 1.5 nm thick FePt
films after RTA to 800 ◦C for 30 s. (a) - (d) has been obtained by SEM and (e)
TEM. The mean lateral island size versus initial film thickness is shown in (f).
To control the size of the islands, neither a variation of the annealing time nor a
variation of the annealing temperature has a large impact. Thus, in a third study, the
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thickness of the FePt layer was varied between 1.5 nm ≤ d ≤ 9 nm while keeping the
annealing time and temperature fixed to 30 s and 800 ◦C, respectively. This variation
of film thickness allows to tailor the mean lateral island size from 110 nm for 9 nm
thick FePt films down to 10 nm for 1.5 nm thick FePt films (Fig. 7.3).
Although the dewetting of thin films has been extensively studied [Her98, Fav06,
Hen05, Xie98] and the two dominant mechanisms of either the nucleation and growth
of holes or the instability against thermally activated surface waves (spinodal dewet-
ting) have been identified [Red91, Bis96], an accurate description of the observed
dewetting phenomena in these thin FePt films is not possible based on the obtained
data. Nevertheless, especially the film thickness can be used to effectively tailor the
characteristic diameter and period of the formed FePt islands in a controlled manner.
7.2 Template directed dewetting
The deposition of magnetic films on arrays of nanoparticles is an elegant approach
to create magnetic nanostructures, as the well defined properties of the deposited
layers can be combined with a low cost self assembly process [Alb05, Ulb06, Mak08a,
Bro10, Kro10a]. Extending the choice of magnetic materials to FePt in its L10 would
enable the fabrication of thermally stable magnetic nanostructures with diameters
less than 10 nm. Especially RTA is a promising technique to achieve this goal, since
the transformation into chemically ordered FePt islands with (001) texture can be
Figure 7.4: Schematic drawing of the formation of (a) centered and (b) tilted L10 ordered
FePt nanostructures using room temperature deposition followed by RTA. The
particle flux during the deposition is indicated.
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Figure 7.5: SEM images of 5 nm thick FePt films on SiO2 particle monolayers with a diam-
eter of (a) 900 nm, (b) 330 nm, (c) 160 nm and (d) 100 nm after RTA to 800 ◦C
for 30 s. The agglomeration of two particle caps is indicated in (d).
achieved on planar thermally oxidized Si substrates without the requirement of any
seed-layer deposition. Addionally, the dewetting behavior observed on planar sub-
strates can be used to physically separate the nanocaps (Fig. 7.4(a)) as well as to
create tilted media (Fig. 7.4(b)). However, therefore not only the dewetting proper-
ties have to be adjusted to prevent any agglomeration of the metallic caps, but also
the curvature of the particles might alter both the phase transformation and texture
formation which necessitates a further optimization of the annealing parameters.
Figure 7.5(a)-(d) illustrates the FePt island formation on SiO2 particles after RTA
for 30 s to a temperature of 800 ◦C. The nominal film thickness was fixed to 5 nm
and the particle diameter was varied from 900 nm to 100 nm. For the largest particle
diameter FePt islands with a similar shape as in figure 7.3(c) form in the center of the
particle, whereas a decreasing particle size towards the rim of the particle is observed.
This behavior is in good agreement with the expected thickness variation along the
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Figure 7.6: SEM image of (a) 9 nm FePt (b) 5 nmFePt and (c) 3 nm FePt on arrays of
SiO2 particles with a diameter of 160 nm, 100 nm and 50 nm, respectively . All
samples were processed by RTA to Ta = 700
◦C for 30 s.
particle surface resulting in thinner FePt regions and consequently in smaller island
sizes at the particle boundaries (thickness d ∝ cos θ with θ being the angle between
the deposition direction and the surface normal). Reducing the particle diameter
leads to the formation of a central FePt grain with a more and more cylindrical
shape. However, for particle diameters below 100 nm the agglomeration of FePt caps
sets in and the periodicity provided by the particle template is lost (Fig. 7.5(d)).
In this regard, tailoring the film thickness proves to be an efficient approach to
optimize the dewetting properties and achieve individual FePt caps without any cap
agglomeration. If the mean island size on planar substrate is around 50% to 80%
of the particle diameter one central FePt grain is formed on each particle when
depositing the corresponding thickness and applying a RTA process. For this reason,
a film thickness of 9 nm is suitable for particles with a diameter of of 160 nm, a
thickness of 5 nm for particles with a diameter of 100 nm and a thickness of 3 nm for
particles with a diameter of 50 nm. The nanostructures evolved during RTA for 30 s
to 700 ◦C are shown in figure 7.6. Each particle is covered with an individual FePt
cap located at the center of the particle and hence the periodicity of the particle
template was successfully transferred to the FePt nanostructures. Note that the
onset of the dewetting process is scaling with the initial film thickness towards lower
temperatures. Whereas only little dewetting is observed for the 9 nm thick FePt films,
a more pronounced dewetting behavior is observed for the smaller film thicknesses.
Beside the formation of central FePt islands, smaller FePt particles form at the rim
of the particles where the thickness of the FePt film is sufficiently thin. Cross-section
TEM of a FePt covered SiO2 particle with a diameter of 50 nm was performed after
RTA to 700 ◦C for 30 s to confirm these observations (Fig. 7.7). During RTA, one
central FePt grain with a diameter of around 20 nm and a height of 10 nm was formed
and is surrounded by smaller grains with a size of around 3 nm. Unfortunately,
imaging at atomic resolution to reveal the orientation of the central crystallite was
not possible.
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Figure 7.7: Cross - section TEM image of 3 nm FePt on a SiO2 particle with a diameter of
50 nm. The sample was processed by RTA to 700 ◦C for 30 s.
Considering that the dewetting is always occuring towards the thickest regions, the
position of the main FePt island on the particle surface can be adjusted by changing
the deposition angle. Figure 7.8 shows the effect of tilted deposition (deposition angle
30◦) for a 3 nm thick FePt film on particles with a diameter of 50 nm and 100 nm
after RTA to 700 ◦C for 30 s. All large FePt islands are clearly shifted to one side of
Figure 7.8: SEM images of 3 nm thick FePt films on SiO2 particle monolayers with a di-
ameter of (a) 50 nm and (b) 100 nm after RTA to 700 ◦C for 30 s. The angle of
deposition was 30◦ with respect to the sample surface.
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Figure 7.9: Magnetic hysteresis loop of 5 nm FePt after RTA for 30 s to 800 ◦C deposited
onto (a) planar thermally oxidized Si substrates and (b)-(f) arrays of SiO2
nanoparticles with diameters of 900 nm, 330 nm, 160 nm, 100 nm and 10 nm,
respectively. The magnetic field was applied perpendicular and parallel to the
substrate plane.
the particle. Beside the possible influence on the integral magnetic properties, tilted
depositions have the advantage of minimizing the probability of cap agglomeration.
Whereas good control over the morphology of the FePt nanostructures was achieved
by adjusting the film thickness and annealing conditions, the magnetic properties of
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the FePt nanostructures are not as controllable as the morphology. Figure 7.9 gives
an overview over the diversity of the magnetic properties after RTA of 5 nm thick
FePt films on both planar thermally oxidized Si substrates as well as SiO2 particle
arrays with different diameters. Pronounced perpendicular anisotropy was obtained
on planar substrate and a rather isotropic behavior is observed using the particle
templates. Furthermore, no scaling dependence of the coercivity with particle diam-
eter, but two minima for particle diameters of 900 nm and 160 nm are observable.
While the loss of perpendicular anisotropy can be explained in terms of different sur-
face roughnesses or the curvature of the particles modifying the in-plane strains and
(001) texture formation, especially the minima in coercivity are not understood, as
the mean central FePt island sizes are comparable for all substrates and the annealing
as well as the deposition was performed in the same run under identical conditions.
This should lead to a similar degree of chemical order. However, the different opti-
cal properties of the particle templates might explain this different response of the
magnetic properties to RTA, but a detailed investigation and tailoring of the optical
properties extend the scope of this work. Ergo, a direct transfer of the optimized
annealing parameters from planar substrates to particle arrays is not possible and for
Figure 7.10: SQUID loops of 3 nm thick FePt films on 50 nm particles after RTA for 30 s
to (a) 650 ◦C, (b) 700 ◦C, (c) 750 ◦C and (d) 800 ◦C. The magnetic field was
applied perpendicular and parallel to the substrate plane.
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Figure 7.11: SQUID loops of 9 nm thick FePt films on 160 nm particles after RTA to 800 ◦C
for (a) 10 s, (b) 30 s, (c) 90 s and (d) 300 s. The magnetic field was applied
perpendicular and parallel to the substrate plane.
each particle diameter and matching film thickness, the annealing conditions have to
be optimized individually.
RTA using four different annealing times and annealing temperatures was per-
formed to optimize the annealing conditions for each particle size. Since no system-
atic trends were observable, only limited data will be presented focusing not only on
the challenges, but also on the prospects of the RTA approach.
Figure 7.10 shows the magnetic behavior of 3 nm FePt on particle arrays with a
diameter of 50 nm after RTA for 30 s to various temperatures. A high degree of
L10 order was observed for all annealing temperatures and the coercivity reaches
a maximum of about 13 kOe after annealing to 750 ◦C. However, in contrast to
the planar substrate, only little perpendicular magnetic anisotropy is present. The
coercivity can be further increased when the annealing time is reduced to 10 s, but
the magnetic properties remain isotropic indicating the formation of polycrystalline
FePt grains with L10 order. Optimization of the annealing conditions for 9 nm thick
FePt films on 160 nm particles was more successful regarding the magnetic anisotropy.
After annealing to 800 ◦C for 90 s, pronounced perpendicular magnetic anisotropy and
high chemical ordering is present (Fig. 7.11 (c)). The coercivity reaches 28.5 kOe
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Figure 7.12: AFM and corresponding MFM images of FePt with a thickness of 9 nm on
160 nm particles after RTA for 90 s to 800 ◦C. The sample was measured in
remanence after (a) being thermally demagnetized and (b) magnetized by
applying a field of 70 kOe perpendicular to the sample plane.
while a remanent magnetization of MR/MS = 0.9 ± 0.05 was determined. This
observation is further supported by AFM/MFM investigations (Fig. 7.12). In the
demagnetized state, both multi-domain and single-domain FePt caps are observable.
After magnetization in a field of 70 kOe, all caps remain in their saturated single-
domain state which is in agreement with the high magnetic remanence observed by
SQUID magnetometry.
To conclude the study on template directed dewetting, it was demonstrated that
regular arrays of L10 ordered FePt nanostructures can be fabricated with periods
down to 50 nm using templates of self-assembled spherical SiO2 particles. However,
although the feasibility to induce perpendicular anisotropy was demonstrated for a
particle diameter of 160 nm, good control over the crystallographic orientation for
particle diameters ≤ 100 nm has not been achieved and polycrystalline FePt caps
with random orientation of their easy axis are typically observed which limits the
application as a recording medium.
Nevertheless, as the addition of Cu increases the parameter space to induce the
(001) texture on planar substrates (see chapter 6), an extension of the present study
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to ternary FePtCu alloys allowing a better control over the texture formation was
carried out and its results are presented in [Gan10].
7.3 Nanopatterned substrates
Beside using self-assembled arrays of nanoparticles as templates for FePt deposition
and RTA, various other patterning techniques such as ion beam sputtering [Fac99],
porous alumina [Kim07] or x-ray lithography [Sol06] can be used to create suitable
templates with periods below 100 nm.
7.3.1 PMMA lift-off
The following lift-off approach is based on e-beam lithography (see Fig. 7.13).
Two layers of polymethyl methacrylate (PMMA) with different molecular weight
are spin-coated onto a thermally oxidized Si wafer. The first PMMA layer has a low
molecular weight (MW=50 ku) and the second layer a rather high molecular weight
(MW=950 ku). During the following e-beam lithography, this two-layer resist leads to
a large undercut of the hole patterns which improves the lift-off process. In the next
step, [FePt(4.4 nm)/Cu(0.6 nm)]×4 multilayers have been deposited onto the hole ar-
ray and planar SiO2/Si(100) reference samples. Finally, the resist was removed and
the remaining dot array was processed by RTA for 30 s to 800 ◦C to induce the A1
to L10 phase transformation.
Figure 7.13: Schematics of the lift-off approach: (a) spin-coating PMMA with different
molecular weight (MW = 950 ku (top) and MW = 50 ku (bottom)), (b) electron
beam lithography (low molecular weight of bottom layer results in a large
undercut), (c) deposition of FePt/Cu bilayers and (d) lift-off of the PMMA
resist.
For comparison, three reference samples have been annealed to 600 ◦C, 700 ◦C and
800 ◦C. The resulting magnetic and structural properties are summarized in figure
7.14. After RTA to 600 ◦C, no perpendicular magnetic anisotropy has developed and
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Figure 7.14: Magnetic hysteresis loops of [FePt(4.4 nm)/Cu(0.6 nm)]×4 after RTA for 30 s
to (a) 600 ◦C, (c) 700 ◦C and (d) 800 ◦C with the magnetic field applied in
the perpendicular and parallel direction to the sample plane. (b), (d) and
(e) are the corresponding x-ray θ − 2θ diffraction patterns using the Cu Kα
wavelength.
only weak (001) and (002) diffraction peaks are visible. Increasing the annealing
temperature results in an increase in perpendicular magnetic anisotropy and a better
(001) texture, as indicated by the increasing integral intensity of the x-ray diffrac-
tion peaks. Annealing to 800 ◦C for 30 s is sufficient to obtain an out-of-plane easy
axis with full remanence and a coercivity of (9.1± 1.0) kOe. The same annealing
conditions have been applied to the patterned FePt nanostructures. Due to the lim-
ited size of the patterns, only AFM/MFM investigation was possible and a resulting
pattern with a period of 200 nm and a dot size of 100 nm is shown in figure 7.15.
The period of the original pattern is well preserved, only the pillar height of 40 nm
indicates the tendency of dewetting expected for this annealing temperature. The
magnetic contrast is unexpectedly weak, but sufficient to observe that most pillars are
in a multi-domain state which is in agreement with the results on the 160 nm particle
template where a comparable cap size is also leading to a preferentially multi-domain
magnetic ground state.
94
7.3 Nanopatterned substrates
Figure 7.15: AFM and corresponding MFM image of FePtCu nanostructures with a size
of 100 nm a period of 200 nm in the demagnetized state after RTA for 30 s to
800 ◦C.
7.3.2 “Trench-poisoning”
Since e-beam lithography is a time-consuming and expensive patterning technology,
especially nanoimprint lithography has a higher potential for future applications,
since the expensive master can be used for multiple pattern transfers. However, due
to the demands on the mold, the ratio between the period and the dot diameter
cannot be made substantially smaller than a factor of two. Accordingly, when using
such templates for FePt depositions, the material in between the dots, the so-called
trench material, is leading to a substantial magnetic background which has a negative
influence for example on the read-back characteristics of a recording medium [Hel08].
However, recently O. Hellwig and co-workers demonstrated a method to suppress the
magnetic trench material based on the interdiffusion of Si into the Co/Pd multilayers
utilizing a moderate annealing process [Hel08].
Figure 7.16: Schematics of the “trench-poisoning” approach: (a) nanoimprint lithography
with AMONIL resist, (b) removal of the residual layer and native oxide using
reactive ion etching and HF etching, (c) deposition of FePt/Cu bilayers and
(d) rapid thermal annealing.
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Figure 7.17: AFM and corresponding MFM images of FePt(4.4 nm)/Cu(0.6 nm) after RTA
for 30 s to 800 ◦C deposited (a) on as prepared 180 nm line patterns and (b)
after the removal of the native oxide using HF etching for 30 s.
In this study, Si was also used as a “poison” for FePtCu. A 180 nm line pattern
was prepared by nanoimprint lithography using AMONIL mold. The residual layer
between the lines was removed by using reactive ion etching (RIE) followed by HF
etching for 30 s to remove the native oxide (fig. 7.16(b)). To prevent reoxidation,
the samples have been immediately transferred into the sputtering chamber after
the HF etching process and for comparison, a reference sample without HF etching
step was also introduced. A FePt(4.4 nm)/Cu(0.6 nm) bilayer was deposited onto
these line patterns and then processed by RTA for 30 s to 800 ◦C. On top of the
AMONIL lines which show a good resistance to the HF etching process clear dark and
bright magnetic contrast is observable for both samples indicating the transformation
into the L10 phase with perpendicular easy-axis (Fig. 7.17). The trench material,
however, shows a comparable magnetic contrast in the reference sample, but no
magnetic contrast in the trenches of the HF treated substrate which demonstrates
the prospects of this approach to suppress the trench material in future FePt based
bit patterned media.
7.4 Patterning continuous FePtCu films
The final patterning technique based on nanoimprint lithography and Ar etching of
a continuous FePt film is probably the most promising approach to fabricate BPM.
Although edge damage typically leads to a degradation of the magnetic properties
[Wi10] and needs to be addressed carefully, the benefits resulting from the controlled
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Figure 7.18: Schematics of the patterning approach: (a) deposition of a FePt/Cu bilayer
at RT, (b) RTA leading to a continuous FePtCu alloy with perpendicular
magnetic anisotropy, (c) deposition of a protective Ta layer, (d) nanoimprint
lithography, (e) CF4 sputter etching process to create Ta mask and (e) Ar
sputter etching.
growth of the FePt layer on a planar substrate and the resulting ease of fabricating
complex layer structures will probably overcompensate the disadvantages of edge
damage.
An outline of the fabrication process is given in figure 7.18. A bilayer of
FePt(4.4 nm)/Cu(0.6 nm) was deposited onto a thermally oxidized Si wafer and fur-
ther processed by RTA for 30 s to 600 ◦C. This moderate annealing temperature
results in the formation of a continuous FePtCu film with low surface roughness and
high magnetic exchange coupling as discussed in detail in chapter 6. An additional
layer of Ta with a thickness of 5 nm was deposited onto the FePtCu alloy and a STU -
polymer pattern with a period of 60 nm and a dot size of 30 nm was fabricated using
nanomiprint lithography. The pattern transfer into the FePtCu layer is a two step
process: First, an etching process using CF4 is used to create a Ta pattern which is
more resistant to Ar sputter etching than the pure polymer. Second, an Ar sputter
etching process is required to transfer the Ta pattern into the FePtCu layer to create
the final magnetic nanostructures. All processes need to be carefully optimized to
reduce any damage occuring during the etching processes and maintain the required
magnetic properties.
A first optimization of the etching conditions leads to an etching time of 60 s and
200 s for the CF4 and Ar sputter etching processes. Polar MOKE magnetometry was
used to compare the integral magnetic properties of the unpatterned and patterned
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Figure 7.19: Polar MOKE hysteresis loop of (a) the unpatterned area and (b) the patterned
area. An etching time of 60 s and 200 s was applied for the CF4 and Ar sputter
etching process, respectively.
areas (Fig. 7.19). The magnetic hysteresis loop of the unpatterned area shows a
very sharp switching behavior indicating a reversal dominated by domain wall prop-
agation. HC of the patterned area, however, is substantially increased, indicating a
successful patterning process which prevents a reversal by domain walls propagation.
Finally, AFM/MFM was used to study the fabricated pattern. While regular
dot arrays are observed in the AFM image, weak contrast indicating the formation
of isolated and magnetically single-domain FePtCu nanostructures is visible in the
MFM image. Thus, the continuous FePtCu layers seem versatile for post-patterning
processes and although the optimization of the etching conditions is still ongoing,
promising preliminary magnetic data could be demonstrated.
Figure 7.20: AFM and corresponding MFM image of the patterned area. The sample is
in the demagnetized state and one row of nanostructures is highlighted for a
better comparison between the AFM and MFM images.
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According to the high uniaxial magnetic anisotropy constant of FePt alloys in their
L10 phase, they are considered to be one of the candidates for future magnetic record-
ing devices. However, the challenges involved in the low-cost fabrication of L10 or-
dered FePt films with perpendicular magnetic anisotropy are still a severe barrier
for the application in recording devices and have triggered intensive research. In
this study, several approaches to fabricate continuous as well as nanostructured FePt
based films with perpendicular magnetic anisotropy have been under investigation.
Flash lamp annealing utilizing light pulses with a duration of 20ms has been ap-
plied to transform chemically disordered FePt films deposited on novel glass ceramic
substrates into their chemically ordered L10 phase. It was demonstrated that a large
volume fraction of a FePt layer with a thickness of 20 nm can be transformed into the
L10 phase. As a result, these FePt films exhibit a coercivity exceeding 10 kOe. A de-
tailed analysis of the crystalline structure indicates that the ordering transformation
and grain growth occur simultaneously. Additionally, the dependence of the ordering
transformation on the film thickness was under investigation. A reduction of the L10
ordered volume fraction was observed when the layer thickness was reduced to 5 nm
which is in agreement with the theoretical model developed by Berry and Barmak
[Ber07a].
Rapid thermal annealing was employed to transform FePt films deposited onto
thermally oxidized Si substrates from the A1 into the L10 phase. Structural in-
vestigations indicate the occurrence of in-plane strain during the first seconds of
the annealing process which leads to the formation of a pronounced (001) texture
in combination with the chemical ordering. This interplay between the chemical
ordering and texture formation was analyzed with respect to the annealing time,
annealing temperature and film thickness to optimize the annealing conditions. The
largest effective perpendicular magnetic anisotropy was observed for FePt films with
a thickness of 5 nm after RTA to 800 ◦C for 30 s. Additionally, the high temperatures
required to achieve the (001) texture lead to the dewetting of the FePt films into sep-
arated FePt islands which prevents a magnetic reversal process dominated by domain
wall propagation. Consequently, coercivities exceeding 40 kOe are observable.
Rapid thermal annealing of FePt/Cu layers leads to L10 ordered ternary FePtCu
layers with perpendicular magnetic anisotropy. Beside the possibility to tailor the
magnetic anisotropy and the coercivity by adjusting the Cu content, especially the
reduction of the ordering temperature below 600 ◦C is noteworthy because it enables
the fabrication of continuous FePtCu layers with perpendicular magnetic anisotropy.
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Summary
Anomalous x-ray scattering performed on the samples annealed to 800 ◦C revealed
that the Pt and Cu atoms exhibit a high degree of chemical order, whereas the order-
ing parameter of Fe is decreasing with increasing Cu content explaining the observed
reduction of perpendicular magnetic anisotropy. A plan-view TEM study performed
on the samples annealed to 600 ◦C supports the assumption of a preferential growth
of L10 ordered grains with (001) texture and verifies that alloying with Cu results in
a faster transformation process.
The fabrication of regular FePt nanostructures was accomplished following two ap-
proaches, either the deposition of FePt onto arrays of self-assembled SiO2 nanopar-
ticles or the utilization of advanced lithography techniques. A template directed
dewetting was observed when RTA was performed after the deposition of FePt films
onto the particle arrays. By adjusting the film thickness, good control over the dewet-
ting behavior was achieved and regular FePt nanostructures with a period down to
50 nm have been fabricated. The prospects of combining the RTA of FePt/Cu bi-
layers with advanced lithography tools were outlined for three different approaches.
Especially the patterning of continuous FePtCu films using nanoimprint lithography
followed by sputter etching has a huge potential for FePt based BPM and the fabri-
cation of single domain FePt nanostructures with perpendicular magnetic anisotropy
and a period of 60 nm has been demonstrated.
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